Conceptual design study of a liquid-core nuclear rocket  technical report no. 665 by Nelson, S. T.
1 
( :  (ACCESSION N U M B E R )  ITHRUI 
1 ;  /d9 / L CPAC+.ES) ‘ F  I f  @$& 675s’ iC.41 L G G R Y I  
(NASA CR OR TMX OR AD N U M B E R )  
! 
GPO PRICE $ 
CSFTI PRICE(S) $ 
Hard copy (HC) 4 D  
Microfiche (M F) j 75 
ff 653 July 65 
P R I N C E T O N  U N I V E R S I T Y  
DEPARTMENT OF AERONAUTICAL ENGINEERING 
https://ntrs.nasa.gov/search.jsp?R=19650026954 2020-03-16T22:01:57+00:00Z
~~ ~ _ _ _  
NATIONAI, AERONAUTICS AND SPACE A D M I ~ I S T ~ T I O N  - 
GRANT NO.  NsG-389 
A T e c h n i c a l  R e p o r t  on 
i 
$%ONCEPTUAL DESIGN STUDY OF A - 
L I Q U I D - C O K E  NUCLEAR ROCKET 
A e r o n a u t i c  a 1 Ens i n e e  r i n g  L a b o r a t o r y  
R e p o r t  No. 6 6 5  
Seyirfour T. iu'elson 
A s s  i s  t a n t  i n  i i e s e a r c h  
Sep tember  1 9 6 3  
Guggenheim L a b o r a t o r i e s  f o r  t h e  A e r o s p a c e  P r o p u l s i o n  S c i e n c e s  
P r i n c e t o n ,  N e w  J e r s e y  
P K I N CET OiJ Ui.4 I V E; RS I TY 
TITLE PAGE 
TABLE OF CONTENTS 
LIST 
LIST 
I .  
11. 
111. 
IV. 
V. 
i 
TABLE OF COIJTENTS 
OF ILLUSTRATIONS AND TABLES 
OF SYMBOLS 
SUMI-IARY 
I N T R O D U C T I O N  
A. P e r f o r m a n c e  
B. Core Geometry 
C. Restart Problem 
:I uc LE ON I c s 
A. Assumpt ions  
U. A g e - D i f f u s i o n  A n a l y s i s  
C .  Keflector  S a v i n g s  
D. F u e l  E lemen t  C o n f i E u r a t i o n  
E. F u e l  E lemen t  Wall T h i c k n e s s  
A. 
i3. 
C. 
D. 
E. 
F. 
G .  
H. 
I .  
J. 
Chamber Pressure a n d  P r o p e l l a n t  d a s s  F low 
i i o m e n c l a t u r e  C o n v e n t i o n s  
F u e l  E lemen t  Geometry 
Bubble  Shape ,  V e l o c i t y  a n d  D i s t r i b u t i o n  
C e n t r i f u g a l  A c c e l e r a t i o n  a n d  Bubble  S i z e  
C o n d i t i o n s  a t  Bubble  I n j e c t i o n  
Bubble  P o p u l a t i o n  a n d  Wall P o r o s i t y  
Heat T r a n s f e r :  C o n d u c t i o n  t o  t h e  I n t e r i o r  
I i ea t  T rans fe r  Across t h e  The rma l  8 o u n d a r y  
Vapor E n t r a i n m e n t  Losses 
of a a u b b l e  
L a y e r  
i 
ii 
i v  
1 
2 
2 
2 
3 
4 
4 
7 
13 
17 
19 
22 
Kate 22 
25 
26 
28 
34 
40 
4 4  
4 8  
57 
61 
DISCUSSION OF RESULTS 6 7  
REFERENCES 71 
. 
ii 
r' 
e -  
FIGURE NO.  
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
11 
12 
1 3  
1 4  
15 
J 
LIST OF ILLUSTRATIONS AI'ID TABLES 
TITLE 
Geomet ry  of t h e  L i q u i d  Core Reactor 
Dependence of  Core R a d i u s  on Void F r a c t i o n  
D i l u t i o n  Ra t io  d 
Dependence of U-235 I n v e s t m e n t  on Void 
F r a c t i o n  and  D i l u t i o n  Rat io  
Dependence of  deac to r  Core !,lass on Void 
F r a c t i o n  and  U i l u t i o n  i i a t i o  
i lependence of Core  :lass on iieactor R a d i u s  
Dependence of R e f l e c t o r  l lass on Void 
F r a c t i o n  and D i l u t i o n  Rat io  
Dependence of Tota l  Thrus t -Chamber  ! lass on 
Void F r a c t i o n  and  D i l u t i o n  Rat io  
Dependence of O v e r a l ?  Thrus t -Chamber  Diameter 
on Void F r a c t i o n  a n d  D i l u t i o n  i-!atio 
G e o m e t r y  of t h e  S p h e r i c a l  Cap Bubble  
i3ubble D i s t r i b u t i o n  ! i i t h i n  F u e l  Clement  
R e q u i r e d  F u e l - C l e n e n t  C e n t r i f u g a l  A c c e l e r a t i o n  
For V a r i o u s  Conf i E u r a t i o n s  
. -  
f u e l  Element  I i o t z t i o n  S p e e d s  R e q u i r e d  F o r  
V a r i o u s  C o n f i R u r a t i o n s  
H e a t - T r a n s f e r  C h a r a c t e r i s t i c s  of Eubb le  F l o w  
S p e c i f i c  I m p u l s e  O p t i m i z a t i o n  of L i q u i d - C o r e  
Rocke t  
Dependence of S p e c i f i c  I m p u l s e  on D i l u t i o n  
Ratio and T e n p e r a t u r e  a t  1 0  Atmosphere  Chamber 
P r e s s u r e  
. .. 
F I G U R E  NO. 
J 
. 
16 
17 
'rAi3LE NO. 
iii 
T I T L E  
Dependence of Uranium Loss Rate on  
T e m p e r a t u r e  a n d  P r e s s u r e  
Dependence of Uranium Loss Kate o n  
D i l u t i o n  Ratio a n d  T e m p e r a t u r e  a t  10ATi.i 
Chamber Pres s u r e  
Dependence of S p e c i f i c  I m p u l s e  o n  Chamber 
P r e s s u r e  and  T e m p e r a t u r e  
TITLL 
P r o p e r t i e s  of F u e l  Materials 
P r e l i m i n a r y  i i e s u l t s  o f  C r i t i c a l i t y  A n a l y s i s  
R e s u l t s  of Reactor A n a l y s i s  
LIST OF SYMBOLS 
2 
B2 = b u c k l i n g ,  (cm'2)  E q .  ( 2 6 )  
A = area, ( c m  1 Lq. (140) 
C = t o t a l  number of c h a n n e l s  p e r  f u e l  e l e m e n t  E a .  (139) 
D = d i f f u s i o n  c o e f f i c i e n t ,  ( c m )  Ea.. ( 1 5 )  
D = d i a m e t e r ,  ( c m )  Eq.  (35) 
F = t h r u s t  ( e q u i v a l e n t  mass u n i t s ,  v i z . ,  gm, 
metric tons a n d  lb. are u s e d )  Eq. ( 1 0 2 )  
Ii = h e i g h t  ( l e n g t h ) ,  (cm) E q .  (30) 
I = s p e c i f i c  i m p u l s e ,  ( sec)  Eq.  ( 9 9 )  
J = v a r i a b l e  d e f i n e d  by E q .  ( 2 7 7 )  
K = v a r i a b l e  d e f i n e d  by E a .  ( 2 7 9 )  
S? 
L = t h e r m a l  d i f f u s i o n  l e n g t h ,  ( c m )  E q .  (13) 
M = m i g r a t i o n  l e n g t h ,  ( c m )  E q s .  (18) and (20) 
M = mass, (qm o r  metric t o n s )  Cq. ( 4 2 )  
!t = mass f l o w  r a t e ,  (;gn/sec) E q .  (103) 
N = p a r t i c l e  d e n s i t y ,  ( cm- ' )  E a .  ( 9 )  
N = number o f  f u e l  e l e m e n t s  i n  t h e  core Eq. ( 7 1 )  
14 = v a r i a b l e  d e f i n e d  by Eq. ( 2 7 8 )  
P = maximum number of f u e l  e l e m e n t s  a l o n g  a 
diameter of t h e  core Eq. (71) 
Q = ra te  of h e a t  t r a n s f e r ,  ( c a l / s e c ) ,  E a .  (271) 
R = r a d i u s ,  (cm) Eq. (29) 
8 P 
R 9 Ro = d e f i n e d  by Eqs. (137) and  (1361, r e s p e c t i v e l y  ( c m )  
V 
t 
Re 
T 
T 
V 
V 
Y 
a 
a 
b 
C 
P 
d 
d 
f 
f 
f ( e )  
Fs 
j 
k 
k &  
m 
n 
h 
= Reyno lds  number b a s e d  on b u b b l e  
d i a m e t e r ,  Eq, ( 2 7 9 )  
t h i c k n e s s , o f  b e r y l l i u m  r e f l e c t o r ,  ( c m )  E q .  ( 3 7 )  
t e m p e r a t u r e ,  (OK) E q .  ( 9 7 )  
volume,  (cm 3 o r  m 3 1 
T s u r f a c e  T c e n t e r  
(OK), E q *  ( 2 1 6 )  
a v e r a g e  number of b u b b l e s  i n  t h e  core a t  
a n y  i n s t a n t  E q .  ( 1 9 1 )  
E q .  ( 3 1 )  
- i n i t i a l  
area, (cm 2 1 E q .  ( 1 2 8 )  
b u b b l e  r a d i u s ,  ( c m )  E q i  011) 
t h i c k n e s s  of a sphe r i ca l  cap b u b b l e ,  ( c m )  E q .  ( 1 2 3 )  
s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e ,  
d i l u t i o n  r a t io  E q s .  (9)-(10) 
d i a m e t e r ,  ( c m )  E q ,  ( 7 5 )  
t h e r m a l  u t i l i z a t i o n  factor  E q ,  ( 9 )  
r a t i o  of b u b b l e  d i a m e t e r  t o  o r i f i c e  
d i a m e t e r  a t  breakoff E q .  ( 2 0 0 )  
i n t e g r a n d  of J E q .  ( 2 7 7 )  
c e n t r i f u g a l  o r  g r a v i t a t i o n a l  a c c e l e r a t i o n  
(cm/sec2) E a .  ( 1 2 2 )  
summation i n d e x  E q ,  (71) 
( c a l / g m -  0 K )  E q .  ( 2 6 3 )  
t h e r m a l  c o n d u c t i v i t y ,  (cal/sec-cm- 0 K) E q ,  ( 2 5 9 )  
i n f i n i t e  m u l t i p l i c a t i o n  f a c t o r  Eq. (12) 
mass, (gm) E q .  (48) 
i n d e x  of summation Eq, ( 2 1 7 )  
molar f low ra te  (moles/sec) E q .  ( 2 9 8 )  
. 
i 
P =  
P =  
- PV - 
Q =  
r =  
s =  
t =  
u =  
v =  
x =  
v =  
r =  
n =  
6 =  
E =  
r l =  
- h - tr 
u =  
% = 
V i  
r e s o n a n c e  e s c a p e  p r o b a b i l i t y  E q .  (1) 
p r e s s u r e ,  (dyne/cm*,  a t m  o r  p s i )  
v a p o r  p r e s s u r e ,  (atrn) Eq .  ( 2 9 0 )  
C q .  ( 9 8 )  
h e a t  t r a n s f e r  r a t e  p e r  u n i t  area (cal/sec-cm2) 
Lq. (274) 
r a d i u s ,  ( c m )  E a .  (122) 
c e n t e r - t o - c e n t e r  s e p a r a t i o n  d i s t a n c e ,  (cm) C q .  (132) 
f u e l  e l e m e n t  w a l l  t h i c k n e s s ,  ( c m )  E a .  ( 7 9 )  
v e l o c i t y ,  (cm/sec) E q .  ( 1 2 2 )  
volume,  (cm 3 1 Eq.  ( 1 2 6 )  
nole f r a c t i o n  Eq.  (293) 
a v e r a g e  number of b u b b l e s  p e r  f u e l  e l e m e n t  
a t  any  i n s t a n t  E q .  ( 1 9 0 )  
a v e r a q e  n u n b e r  o f  b u b b l e s  i n  a c h a n n e l  a t  
a n y  i n s t a n t  E q .  ( 1 8 8 )  
wall p o r o s i t y  E q .  ( 2 0 1 )  
m a c r o s c o p i c  a b s o r p t i o n  cross s e c t i o n  ( c m  -1 1 E q .  ( 9 )  
t h e r m a l  d i f f u s i v i t y  (cn  2 /set) Ea. (213) 
r e f l e c t o r  s a v i n g s ,  ( c m )  E a .  ( 3 8 )  
f a s t  f i s s i o n  f a c t o r  Cq. ( 2 )  
I e r r o r ,  (sec)  C q .  (316) 
averar ,e  n u n b e r  of f a s t  f i s s i o n  n e u t r o n s  e m i t t e d  
f o r  each t h e r n a l  n e u t r o n  a b s o r b e d  i n  t h e  
f i s s i o n a b l e  mater ia l  Lq. (11) 
SP 
i lng le  (deg or r a d i u s )  E a .  ( 1 2 3 )  
t r a n s p o r t  mean f r e e  p a t h  (cm) E q .  (15) 
c o e f f i c i e n t  of v i s c o s i t y ,  ( p o i s e )  E a .  ( 2 8 1 )  
a v e r a g e  c o s i n e  of t h e  s c a t t e r i n e  a n T l e  p e r  
c o l l i s i o n  i n  t h e  laboratorv s y s t e m  E q .  ( 1 5 )  
t. 
r o t a t i o n a l  f r e q u e n c y ,  ( r e v / s e c >  E q .  ( 1 4 5 )  
v a r i a b l e  of i n t e g r a t i o n  E a .  (218) 
d e n s i t y ,  (gm/cm 3 E q .  ( 4 1 )  
e f f e c t i v e  d e n s i t y  of l i q u i d  f u e l ,  t a k i n g  
a c c o u n t  of b u b b l e  p o p u l a t i o n  (gm/cm3) 
Eqs. ( 1 6 9 ) - ( 1 7 0 )  
m i c r o s c o p i c  cross s e c t i o n ,  ( c m  2 o r  b a r n  = 1 0  - 2 4  c m  2 
E q *  ( 3 )  
stress, (dyne/cm2 o r  p s i )  E a .  ( 1 5 2 )  
@ =  
2 Fermi  a g e ,  ( c m  ) Eqs. ( 1 7 )  and  (19) 
time, (sec) Eq. (204) 
bubble f r e q u e n c y  ( p e r  c h a n n e l &  (crn') C q .  (138) 
w = a n g u l a r  v e l o c i t y ,  ( r a d / s e c )  Eq.  (145) 
'& = m o l e c u l a r  mass, ( a . m . u , >  E q .  (100) 
-)(L = d i m e n s i o n l e s s  a c c e l e r a t i o n  Eq .  ( 1 5 0 )  
@ = u n i v e r s a l  g a s  c o n s t a n t  
= 8 , 3 1 4  x l o 7 ,  ( 'erg/OK/R-mole) C q .  ( 1 4 1 )  
$= v o i d  f r a c t i o n  ( h y d r o g e n  is c o n s i d e r e d  as 
" v o i d " )  Eq. (14) 
A = r a d i a l  d i s t a n c e  measured  i n v a r d  f r o n  
s t a t i o n  "o", ( c m )  Z q .  ( 2 0 6 )  
- ( O K )  Eq. ( 2 1 4 )  w =  T i n t e r i o r  l ' c e n t e r  9 
L p  - (OK), E q .  ( 2 1 5 )  T c e n t e r  T c e n t e r  , 
SUPERSCRIPT 
l a t  _c l a t e r a l  Eq. ( 1 3 2 )  
r a d  r a d i a l  
. 
v i i i  
o _.+ refers  t o  p u r e  s u b s t a n c e  
t - d e n o t e s  " t h e r n a l "  v a l u e ,  i c . ,  a t  293OK 
( 0 . 0 2 5 3  e v )  Eq .  ( 4 )  
f: - " e f f e c t i v e "  v a l u e ,  t a k i n g  i n t o  a c c o u n t  
the v o i d  f r a c t i o n  E a .  (14) 
A , i 3 , C  __* t h r u s t  l e v e l s  A , B , C  ( d e f i n e d  by C q s .  ( 1 0 2 1 ,  
(1041, (1061, r e s p e c t i v e l v )  
C c a r b o n  L q .  ( 7 )  
U __+ u r a n i u m  235 Eq.  ( 3 )  
2 UC + u r a n i u m  ( d i - )  c a r b i d e  E q .  ( 4 8 )  
Z r  __+ z i r c o n i u n  E q .  ( 5 )  
Z r C  __* z i r c o n i u m  carb ide  Ea. ( 4 8 )  
a -+ a b s o r D t i o n  E c .  ( 3 )  
b __* b u b b l e s  Ea. (111) 
c _I, bare ( c r i t i c a l )  core La .  ( 2 6 )  
c __* chamber  Eq . ( 9 7 )  
e -+ e q u i v a l e n t  C q .  ( 1 3 1 )  
f --+ f u e l  L a .  ( 4 6 )  
h + h y d r o s t a t i c  E a .  ( 1 6 8 )  
i + s p e c i e  i La.. ( 1 4 )  
i + i n n e r  E a .  ( 7 9 )  
i x  
i __c i n t e r s t i c i a l  C q .  (88) 
m + m o d e r a t o r  ( C )  E q .  (13) 
m -mean E q ,  ( 1 5 3 )  
o o u t e r  C q .  (79) 
r re f l ec to r  E q ,  (41) 
s __+ s c a t t e r i n g  L q ,  (15) 
t -+ t o t a l  Eq.  ( 5 6 )  
w - w a l l  E q ,  ( 8 9 )  
1,2,3 4 m a t r i x  geometries 1,2,3 ( s p e c i f i e d  by 
Eqs. (721, (731, (741, r e s p e c t i v e l y )  
01,12,23,24 __c d e f i n e d  i n  p a r a g r a p h  f o l l o w i n p  E n .  ( 2 0 5 )  
I4ISCL;LLAI.IL;OUS 
<x) = mean v a l u e  of x a v e r a g e d  o v e r  a Maxwell- 
Bol tzmann e n e r q y  ( t e m p e r a t u r e )  d i s t r i b u t i o n  E 5 , ( 3 )  
e r f c  x = complemen ta ry  error f u n c t i o n  of x 
( d e f i n e d  by C q .  (218)) 
x = i nc re rnen t  of x C q .  (270) 
x' = corrected v a l u e  of x E q .  ( 3 0 8 )  
. 
- l =  
I. SUMMARY 
A c o n c e p t u a l  d e s i g n  s t u d y  for a l i a u i d - c o r e  n u c l e a r  
r o c k e t  was p e r f o r m e d ,  based  on r e a l i s t i c  ( i n  f a c t  , c o n s e r v a t i v e )  
a s s u m p t i o n s  r e g a r d i n ?  n u c l e o n i c s ,  b u b b l e  f low and h e a t  
t r a n s f e r  and  f u e l - m i x t u r e  vaDor loss. The n o s t u l a t e d  reactor 
c o n f i g u r a t i o n  was a m a t r i x  of m e c h a n i c a l l y - d r i v e n  r o t a t i n p  
h o l l o w  c y l i n d e r s  composed of a f i s s i o n a b l e  fue l  F i x t u r e  
( U C 2  h e a v i l y  d i l u t e d  w i t h  Z r C )  and  c o o l e d  by a r a d i a l l y -  
i n w a r d  f low of hydrogen, o p e r a t i n g  w i t h  t h e  i n n e r  s u r f a c e  
of t h e  c y l i n d e r  i n  t h e  m o l t e n  s t a t e .  
Pzraneter o D t i m i z a t i o n  c a l c u l a t i o n s  d e T o n s t r a t e d  
t n a t  t h e  vacuum s n e c i f i c  i m n u l s e  of t h e  s v s t e n l  was l i m i t e d  
b v  l o s s  o f  f u e l - m i x t u r e  v a n o r  t o  s l i a h t l v  T rea t e r  t h e n  1 2 0 0  
s e c o n d s  a t  e n p i n e  t h r u s t / w e i p h t  r a t i o s  o v e r  t h e  r a n p e  0 . 0 5  
t o  0 . 5 ,  w i t h  chamber D r e s s u r e s  I n  t h e  ranpe 3 t o  1 C O  atm, 
Deak m o l t e n - s u r f a c e  t e m p e r a t u r e s  of 3 6 0 0  t o  3 8 0 C 1 ~ Y , ,  2nd 
Z r C / U C 2  d i l u t i o n  r a t i o s  be tween 2 5 3  and  1 5 0 0 .  T h r u s t  l e v e l s  
were l i r n i t e d  by b u b b l e  f low area ( i . e . ,  f u e l - e l e m e n t  s u r f a c e  
area) r a t h e r  t h a n  h e a t  t r a n s f e r .  F u e l  e le rnent  d i a m e t e r s  
a a v  be of t h e  order  of  a n  i n c h  and  s x e d s  of r o t a t i o n  of 
t h e  o r d e r  o f  5 , 0 0 0  rpm. E n z i n e e r i n g  d e s i p n ,  c o n t r o l ,  d i rnan ic  
r e s p o n s e ,  a n d  o p e r a t i o n a l  c h a r a c t e r i s t i c s  are  n o t  d i s c u s s e d  
i n  t h i s  c o n c e p t u a l  s t u d y .  
I t  was c o n c l u d e d  t h a t  t h e  D e r f o r n a n c e  o f  t h e  l i c u i d -  
core n u c l e a r  r o c k e t  ( i n  terms of sDec i f i c  imDulse a n d  t h r u s t /  
w e i r h t  r a t i o )  was s u f f i c i e n t l y  i n t e r e s t i n q  t o  w a r r a n t  b o t h  
more c a r e f u l  s y s t e m  a n a l v s e s  and  s v s t e m a t i c  research Drograns 
. 
- 2 -  
i n  t h e  c r i t i c a l  areas of b u b b l e  f low a n d  h e a t  t r a n s f e r  i n  
l i q u i d  ceramic or cermet media  u n d e r  h i g h - g r a v i t y  c o n d i t i o n s ,  
f u e l - e l e m e n t  component  v a p o r  p r e s s u r e s ,  and  b a s i c  o p e r a t i o n a l  
p r o b l e m s  s u c h  as c o o l a n t - p a s s a g e  " f r e e z i n g - i n "  on shutdown.  
.i 
I1 . I N T R O D U C T I O N  
A .  P e r f o r m a n c e  
The l i q u i d  core n u c l e a r  r o c k e t  r e p r e s e n t s  t h e  n e x t  
s t e p  beyond s o l i d  core s y s t e m s  of t h e  t y p e  now u n d e r  d e v e l o p -  
n e n t  i n  t h e  Rover  program. I t  h o l d s  p r o m i s e  of p e r f o r m a n c e  
a t  l eas t  5 0 %  g r e a t e r  t h a n  t h a t  of s o l i d  core reactors  a t  
t h r u s t - t o - w e i g h t  r a t i o s  of 0 . 1  or more. 
T h e  p r i n c i p a l  a t t r a c t i o n  of t h e  l i q u i d  core r e a c t o r  
l i e s  i n  t h e  f a c t  t h a t  i t  p e r m i t s  o p e r a t i o n  a t  t e m p e r a t u r e s  
of 3 6 0 0  - 3800'K. A t  t h e s e  t e m p e r a t u r e s  a n d  m o d e r a t e  
chamber  p r e s s u r e s  (10 - 30 atm),  d i s s o c i a t i o n  of t h e  h y d r o g e n  
p r o p e l l a n t  i s  s i g n i f i c m t ,  r e s u l t i n g  i n  a vacuun  s p e c i f i c  
i m p u l s e  e x c e e d i n g  1 2 0 0  s e c o n d s .  
B. Core Geometry 
The core geomet ry  i s  shown i n  F i g u r e  1. A l t h o u g h  
t h r o u g h o u t  t h e  p r e s e n t  a n a l y s i s  w e  w i l l  assurne a m u l t i p l i c i t y  
of v o r t e x - t u b e  f u e l  e l e m e n t s  ( i n  t h e  fo rm of a h e x a g o n a l  
a r r a y ) ,  t h e  a l t e r n a t i v e  scheme, c o n s i s t i n g  of a s i n g l e  l a r g e  
v o r t e x ,  i s  n o t  p r e c l u d e d  a s  a p o s s i b i l i t y .  The m a t r i x  
g e o m e t r y  was selected f o r  d e t a i l e d  i n v e s t i g z t i o n  f o r  two 
r e a s o n s  : 
I -  
). 
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1, I t  p r o v i d e s  f o r  a much more homogeneous d i s t r i b u t i o n  
of f u e l  t h r o u g h o u t  t h e  core volume,  and  c o n s e q u e n t l y  
fa r  b e t t e r  n u c l e o n i c  p r o p e r t i e s .  
core would n e c e s s i t a t e  a f u e l  a n n u l u s  wh ich  i s  
t h i n  compared w i t h  t h e  core d i a m e t e r ;  s u c h  a 
l l s h e l l l l  geomet ry  r e s e n b l e s  a t h i n  s l a b  core and  
i s  v e r y  u n f a v o r a b l e  from t h e  s t a n d p o i n t  of n e u t r o n  
economy. 
For a f i x e d  s p e c i f i c  i m p u l s e  ( p e r f o r m a n c e  b e i n s  
l i m i t e d  by materials p r o p e r t i e s ,  as u s u a l ) ,  t h e  
t h r u s t  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  f u e l  e l e m e n t  
s u r f a c e  area. The l a t t e r  i n c r e a s e s  w i t h  t h e  
number of f u e l  e l e m e n t s  i n  t h e  core.  
A s i n g l e - v o r t e x  
2. 
C ,  Xestart Problem 
The r e s t a r t  p rob lem,  w h i l e  q u a n t i t a t i v e l y  n e g l e c t e d  
i n  t h e  p r e s e n t  s t u d y ,  will of c o u r s e  a f fec t  and  b e  a f f ec t ed  
by  t h e  optimum core geomet ry .  The nos t  a t t r a c t i v e  p r o p o s a l  
f o r  s o l v i n g  t h i s  p r o b l e m  i n  a s i n g l e - v o r t e x  core i s  due  t o  
L. Crocco, (1)'' who suggested t h a t  t h e  p o r o u s  chamber  w a l l  be 
f a b r i c a t e d  from t h e  i d e n t i c a l  f u e l  material  as t h e  a d j a c e n t  
l i q u i d  a n n u l u s  ( e . g . ,  2 m i x t u r e  of Z r C  a n d  UC2). I n i t i a l l y  
t h e  f u e l  i s  a l l  s o l i d .  A t  s t a r t u p ,  t h e  i n n e r  s u r f a c e  of t h e  
.1. 
,'c 
Numbers i n  p a r e n t h e s e s  i n d i c a t e  r e f e r e n c e s  l i s t e d  on page  7 1 .  
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$ 
t 
f u e l  a n n u l u s  me l t s  f irst ,  The s o l i d / l i q u i d  i n t e r f a c e  r e c e d e s  
u n t i l  f u l l  power i s  a c h i e v e d ,  a t  which  time t h e  i n t e r f a c e  
h a s  r e a c h e d  i t s  s t e a d y - s t a t e  p o s i t i o n .  Shutdown i s  t h e n  
s i m p l y  a reversa l  of t h i s  p r o c e s s ,  The o n l y  p r o b l e m  i s  t o  
e n s u r e  t h a t  a s u f f i c i e n t  number of u n i f o r m l y  d i s t r i b u t e d  
c h a n n e l s  are f r o z e n  i n t o  t h e  f u e l  so t h a t  t h e  l a t t e r  r e t a i n s  
a p o r o s i t y  a p p r o p r i a t e  f o r  r e s t a r t i n g ,  T h i s  p rob lem i s  
c e r t a i n l y  n o t  t r i v i a l ,  and r e p r e s e n t s  a c r i t i c a l  area f o r  
s u b s e q u e n t  e x p e r i m e n t a l  e v a l u a t i o n .  I t  d o e s ,  however ,  
s u p p l a n t  s e v e r a l  a l t e r n a t i v e  p r o b l e m s  ( a r i s i n g  from 
i n h o m o g e n e i t y  o f  f u e l  e l e m e n t  c o m p o s i t i o n )  w h i c h  are  p r o b a b l y  
e v e n  more f o r m i d a b l e .  
I11 NUCLEOi\JICS 
A, AssumDtions 
~~ 
The reactor is c a l c u l a t e d  on  t h e  bas i s  of age -  
d i f f u s i o n  t h e o r y ,  whose r e s u l t s  s h o u l d  b e  of s u f f i c i e n t  
a c c u r a c y  t o  f i x  t h e  c o r e  p r o p e r t i e s  t o  w i t h i n  a n  o r d e r  of 
m a p i t u d e ,  On t h e  basis of t h e  r e p r e s e n t a t i v e  reac tor  
t h u s  d e t e r m i n e d ,  w e  examine i n  S e c t i o n  I V  t h e  f e a s i b i l i t y  
o f  t h e  l i q u i d  core n u c l e a r  r o c k e t  c o n c e p t  f rom t h e  s t a n d -  
p o i n t  of o v e r a l l  pe r fo rmance  p o t e n t i a l .  Reactor k i n e t i c s ,  
a n d  i n d e e d  a l l  o t h e r  t r a n s i e n t  phenomena a s s o c i a t e d  w i t h  
t h e  s y s t e m ,  are beyond t h e  s c o p e  o f  t h i s  s t u d y ,  
C o n s i s t e n t  w i t h  t h e  a p p r o x i m a t i o n  i n h e r e n t  i n  
t, 
t h e  u s e  o f  a g e - d i f f u s i o n  t h e o r y ,  w e  s i m p l y  r e p l a c e  h y d r o g e n  
p r o p e l l a n t  by v o i d  ( s i n c e  t h e  m o d e r a t i n g  e f f e c t  of t h e  
hydroqen  t e n d s  t o  j u s t  a b o u t  o f f s e t  i t s  n e u t r o n  a b s o r p t i o n  
c r o s s  s e c t i o n ) .  Moreover ,  w e  assume t h a t  b o t h  t h e  f u e l  
a n d  t h e  v o i d  are u n i f o r m l y  d i s t r i b u t e d  t h r o u g h o u t  t h e  core. 
The v o i d  f r a c t i o n  i s  d e n o t e d  by 6 . The f i s s i o n a b l e  
mater ia l  i s  t a k e n  t o  be U-235 i n  t h e  form o f  U C 2 .  
l a t t e r  was c h o s e n  o v e r  U C  f o r  two r e a s o n s :  
The  
1. Vapor p r e s s u r e  d a t a  on  UC2 are a v a i l a b l e  i n  t h e  
u n c l a s s i f i e d  l i t e r a t u r e ,  b u t  n o t  on U C .  
2 .  UC has  h i g h e r  m e l t i n g  a n d  b o i l i n g  p o i n t s  t h a n  
U C 2  a n d  t h e r e f o r e  may w e l l  u l t i m a t e l y  be se lec ted  
o v e r  U C 2 ;  i n  t h e  meant ime,  choice of t h e  l a t t e r  
r e p r e s e n t s  a d e g r e e  o f  b u i l t - i n  c o n s e r v a t i s m  
which  i s  a l w a y s  d e s i r a b l e  i n  f e a s i b i l i t y  s t u d i e s .  
A t  one  a t m o s p h e r e  p r e s s u r e ,  UC2 b o i l s  a t  a b o u t  
The peak  f u e l  t e m p e r a t u r e  i s  t a k e n  as 430O0K" and  4370'K. 
:'i 
T h i s  v a l u e  was s e l e c t e d  before  a n y  r e s u l t s  were a v a i l a b l e  
o n  t h e  v a p o r  e n t r a i n m e n t  loss p r o b l e m  ( see  P a r t  I V ,  S e c t i o n  J ) .  
S u b s e q u e n t  a n a l y s i s  h a s  shown t h a t  t h e  optimum t e m p e r a t u r e  i s  
a b o u t  3600OK f o r  o p e r a t i o n  a t  1 0  a t m  chamber  p r e s s u r e  a n d  
38000K f o r  30 a t m .  A r e v i s e d  n u c l e o n i c  a n a l y s i s  b a s e d  on these 
lower t e m p e r a t u r e s  ( a n d ,  i n c i d e n t a l l y ,  i n c l u d i n g  U-233 as a n  
a l t e r n a t e  f i s s i o n a b l e  m a t e r i a l )  i s  now i n  p r o g r e s s .  S i n c e  a l l  
t h e  c a l c u l a t i o n s  are b a s e d  on  n e u t r o n  cross s e c t i o n s  which are 
a v e r a g e d  o v e r  a Maxwell-Boltzmann d i s t r i b u t i o n  a b o u t  t h e  chamber  
t e m p e r a t u r e ,  it i s  c l e a r  t h a t  t h e  newer  t e m p e r a t u r e  v a l u e s  will 
r e s u l t  i n  reactors  o f  smaller c r i t i c a l  s i z e  a n d  mass t h a n  f o r  
T = 43000K. An even  g r e a t e r  improvement  w i l l  b e  m a n i f e s t  i n  
t h e  U-233 r e a c t o r s .  The ( i n t e r i m )  r e s u l t s  p r e s e n t e d  here 
s h o u l d  t h e r e f o r e  be r e g a r d e d  as somewhat p e s s i m i s t i c .  
a. 
it i s  assumed t h a t  t h e  hydrogen  p r o p e l l a n t  a c h i e v e s  sub-  
s t a n t i a l l y  t h i s  t e m p e r a t u r e  b e f o r e  e x p a n s i o n  t h r o u g h  t h e  
n o z z l e .  
i s  correct) .  The f o l l o w i n g  t w o  factors t e n d  t o  make t h i s  
( I n  P a r t  I V  it w i l l  b e  shown t h a t  t h i s  a s s u m p t i o n  
c h o i c e  of chamber  t e m p e r a t u r e  more a c c e p t a b l e  t h a n  would 
o t h e r w i s e  b e  t h e  case: 
1. The chamber  p r e s s u r e  i s  t a k e n  g r e a t e r  t h a n  1 
a t m o s p h e r e  f o r  a l l  c a l c u l a t i o n s ,  w i t h  a t e n t a t i v e  
d e s i g n  p o i n t  a t  1 0  a t m o s p h e r e s  (see P a r t  IV). 
2. The UC2 i s  " d i l u t e d "  by ZrC i n  t h e  r a t i o  of d 
m o l e c u l e s  of Z r C  t o  each m o l e c u l e  of UCz. 
d i l u e n t  was chosen  on t h e  b a s i s  of a c o m b i n a t i o n  
The 
of good n u c l e o n i c  p r o p e r t i e s  ( p a r t i c u l a r l y  a l o w  
n e u t r o n  a b s o r p t i o n  cross s e c t i o n )  a n d  good h i g h  
t e m p e r a t u r e  c h a r a c t e r i s t i c s .  A t  one  a t m o s p h e r e ,  
Z r C  b o i l s  a t  a b o u t  5370°K. 
p r e s s u r e  i s  much l ess  t h a n  t h a t  of UC2; i t s  
p r i n c i p a l  f u n c t i o n  i s  t o  r e d u c e  t h e  v a p o r  
A t  4300°K i t s  v a p o r  
e n t r a i n m e n t  loss o f  f i s s i o n a b l e  mater ia l .  Some 
r e l e v a n t  m a t e r i a l s  p r o p e r t i e s  are summarized i n  
T a b l e  1. 
The reactor  i s  assumed t o  be  a t h e r m a l  r e a c t o r ,  t h e  
n e u t r o n s  b e i n g  t h e r m a l i z e d  t o  0 .37  e v ,  which c o r r e s p o n d s  t o  
4300°K. A l l  cross s e c t i o n s  are a v e r a g e d  o v e r  a Maxwell- 
Bol tzmann d i s t r i b u t i o n  a b o u t  t h i s  t e m p e r a t u r e .  (Were w e  t o  
assume t h e r m a l i z a t i o n  t o  293'K, t h e  r e s u l t s  would of c o u r s e  
be too  o p t i m i s t i c ) .  
t 
I t  i s  assumed t h a t  t h e  m o d e r a t i n g  e f f e c t  of Z r  i s  
n e g l i g i b l e ,  t h e  o n l y  i m p o r t a n t  m o d e r a t o r  b e i n g  C. T h i s  i s  a 
f a i r l y  good a p p r o x i m a t i o n ,  whose e f f ec t  w i l l  be  t o  make t h e  
c r i t i c a l  s i z e  estimate s l i g h t l y  c o n s e r v a t i v e ,  
Also c o n s i s t e n t  w i t h  t h e  p r e s e n t  a p p r o x i m a t i o n  are 
t h e  c o m p e n s a t i n g  a s s u m p t i o n s  t h a t  r e s o n a n c e  a b s o r p t i o n  and  
f a s t  f i s s i o n  are b o t h  n e g l i g i b l e .  Thus w e  t a k e  
p p r e s o n a n c e  e s c a p e  p r o b a b i l i t y  1, (1) 
€ f a s t  f i s s i o n  f a c t o r  1. (2) 
3 .  A g e - D i f f u s i o n  A n a l y s i s  
b a s e d  on data  i n  ANL - 5 8 0 0 ,  o r  from B u s s a r d  a n d  
D e  L a u e r  (21, I>. 1 6 0 ,  F i g u r e  5-8,  w e  h a v e  
a m i c r o s c o p i c  a b s o r p t i o n  cross s e c t i o n  of U-235, 
a v e r d g e d  o v e r  a Maxwell-Boltzrnann d i s t r i b u t i o n  
a b o u t  4300°K ( c o r r e s p o n d i n g  t o  0.37 e v )  
= 120 barns .  (3) 
I i o w ,  
=, m i c r o s c o p i c  a b s o r p t i o n  cross s e c t i o n  o f  Zr 
a t  2 9 3  OK 
= 0.185 b a r n s  ( 4 )  
Assuming l / v - a b s o r p t i o n  by Z r ,  t h e n  
( S e e ,  e . q . ,  G l a s s t o n e  a n d  S e s o n s k e  ( 3 ) -  p.  7 7 ) .  S u b s t i t u t i n g  
E q .  (4) i n t o  Eq .  ( 5 )  g i v e s  
<%>& = 4.28  x b a r n s .  
S i m i l a r l y ,  
(d)c = 3.73 x b a r n s ,  
so t h a t  - 
<G)'c = 8 .62  x b a r n s .  
The t h e r m a l  u t i l i z a t i o n  f a c t o r  i s  
( 6 )  
( 7 )  
(8) 
where  t h e  c,'~ a re  t h e  macroscoDic  a b s o r p t i o n  cross s e c t i o n s ,  
3 t h e  Pi's are  t h e  p a r t i c l e  d e n s i t i e s  ( m o l e c u l e s / c m  1, a n d  
d f d i l u t i o n  r a t i o n  = N Z r C / N U C 2 .  (10) 
S i n c e  p t  Gi 1 by E q s .  (1) a n d  ( 2 1 ,  and  
= 2 . 0 6 ,  ' U-235 
t h e  i n f i n i t e  m u l t i p l i c a t i o n  f ac to r  i s  
k, = Y f P €  NN 7 f = 2.06 f 
(11) 
( 1 2 )  
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c 
4 
S i n c e  t h e  r e a c t o r  i s  t h e r m a l  a n d  C i s  t a k e n  t o  be 
t h e  o n l y  i m p o r t a n t  m o d e r a t o r ,  w e  may w r i t e  
L2 = Lm (1 - f ) ,  ( 1 3 )  
where  L a n d  Lm are t h e  t h e r m a l  d i f f u s i o n  l e n g t h s  i n  t h e  core 
and  for p u r e  g r a p h i t e ,  r e s p e c t i v e l y .  
We must  now t a k e  i n t o  a c c o u n t  t h e  v o i d  f r a c t i o n ,  5. 
.'. 
T h u s ,  t h e  e f f e c t i v e  p a r t i c l e  d e n s i t y  f o r  s p e c i e  i ,  N i  i s  
S i n c e  
i t  follows f rom C q .  (14) t h a t  
7 2  
.'. 
where  L i  i s  t h e  e f f e c t i v e  t he rma l  d i f f u s i o n  l e n q t h  i n  t h e  
m o d e r a t o r .  
Analogously, 
(I -<I= 
and 
z 
where 
2 T : Fermi age E ( s l o w i n g  down lenetn)  , 
M E m i g r a t i o n  lenqth 5 (L + 7 )  . 2 1/2 
From Reference ( 3 1 ,  p. 147, Table 3.5, we f i n d :  
L = 64.2 cm, m 
Fm = 18.7 cm. 
(17) 
(19) 
( 2 0 )  
(21) 
( 2 2 )  
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A p r e l i m i n a r y  estimate 
I n  o r d e r  t o  c r o s s - p l o t  
f o r  t h e  b u c k l i n g ,  Bc ,  i s  
(26) 
some of t h e  f i n a l  r e s u l t s ,  
30 d i f f e r e n t  reactors  h a v e  been  c a l c u l a t e d ,  r e p r e s e n t i n g  a l l  
c o m b i n a t i o n s  of d = 5 ,  10, 5 0 ,  1 0 0 ,  5 0 0  a n d  1 0 0 0  w i t h  $ =  
lo%, 20%, 30%, 40%, a n d  50%.  T a b l e  2 p r e s e n t s  t h e  r e s u l t s  
of t h e  p r e l i m i n a r y  c a l c u l a t i o n s .  
The n e x t  s t e p  i s  t o  s o l v e  t h e  a g e - d i f f u s i o n  
e q u a t i o n ,  
f o r  t h e  b u c k l i n g .  
e r r o r  i t e r a t i v e  method. The r e s u l t s ,  a lonE  w i t h  all t h e  
s u b s e q u e n t  r e s u l t s  (see below) a p p e a r  i n  Table 3 .  
T h i s  has  been  done  by t h e  u s u a l  t r i a l - a n d  
The r a d i u s  of a bare core is g i v e n  by 
where 
Rc : r a d i u s  o f  b a r e  c o r e ,  
= h e i g h t  ( l e n g t h )  of b a r e  c o r e .  Hc - 
L e t t i n g  
V = volume o f  b a r e  core, c -  
t h e n  
- 1 4 8  
3 rnin ac 
- -  v = v c  
C 
min 
f o r  
Hc = 1.847 Rc 5 H ¶ 
'min 
( 2 9 )  
( 3 0 )  
(31) 
( 3 2 )  
( 3 3 )  
where t h e  s u b s c r i p t  m i n  refers  t o  min imized  volume. Thus ,  
s u b s t i t u t i n g  Cq. ( 3 3 )  i n t o  E q .  ( 2 8 )  g i v e s  
c 
B2 = 8.674/Rc 2 . 
'min 
( 3 4 )  
I n s t e a d  of c h o o s i n g  Hc i n  t h i s  f a s h i o n ,  i . e . ,  so  
a s  t o  m i n i m i z e  t h e  c r i t i c a l  mass, l e t  u s  l e n q t h e n  t h e  core 
a b i t .  (Under  no  c i r c u m s t a n c e s  i s  i t  w o r t h w h i l e  t o  c o n s i d e r  
l a r g e  d e p a r t u r e s  f rom minimum volume g e o m e t r y ) .  T h i s  w i l l  
h a v e  t h e  e f f e c t  of r e d u c i n g  Rc s l i g h t l y  and a l so  make t h e  
c r i t i c a l  mass estimate t e n d  t o  he  a l i t t l e  c o n s e r v a t i v e .  
We t h e r e f o r e  a d o p t  t h e  f o l l o w i n g  c o n f i g u r a t i o n  as " s t a n d a r d "  
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t h r o u g h o u t  t h e  a n a l y s i s :  
I I / D  = 1.5. ( 3 5 )  
S u b s t i t u t i n g  Hc = 3R i n t o  E a .  ( 2 8 )  a n d  r e a r r a n g i n g  y i e l d s  
C 
R2 = 6.88/Bc.  2 
C 
( 3 6 )  
C. R e f l e c t o r  S a v i n g s  
L e t  u s  a l so  a d o p t  a " s t a n d a r d  r e f l e c t o r " ,  c o n s i s t i n g  
o f  a o n e  t h e r m a l  d i f f u s i o n  l e n g t h  t h i c k n e s s  (21 c m )  o f  B e ,  
i n  t h e  form of a c y l i n d r i c a l  a n n u l u s  p l u s  t w o  f l a t  end  
p l a t e s  whose d i a m e t e r  i s  t h e  same as t h e  o u t e r  d i a m e t e r  o f  
t h e  a n n u l u s .  Of c o u r s e  t h e  a c t u a l  d i s t r i b u t i o n  of r e f l ec to r  
m a t e r i a l  w i l l  resemble t h a t  shown i n  F i g u r e  1; f o r  s i m p l i c i t y  
w e  assume t h a t  t h e  t o t a l  volume o f  t h e  f o r w a r d  r e f l e c t o r  
c a p  and  t h e  a f t  ( n o z z l e )  r e f l e c t o r  e q u a l s  t h a t  o f  t h e  two 
e n d  p l a t e s .  
X e  have  s e l e c t e d  B e  as t h e  r e f l e c t o r  material  and 
a s i n g l e  t h e r m a l  d i f f u s i o n  l e n g t h  as t h e  t h i c k n e s s  on t h e  
b a s i s  o f  g e n e r a l  n u c l e a r  r o c k e t  c o n s i d e r a t i o n s .  E x p e r i e n c e  
i n d i c a t e s  t h a t  B e  and  be0 are  t h e  optimum mater ia ls  f o r  
f l i g h t  a p p l i c a t i o n s ;  t h e  l a t t e r  i s  e x c l u d e d  b e c a u s e  o f  r e f l e c t o r  
c o n t a c t  w i t h  hydrogen .  Also, a s i n g l e  d i f f u s i o n  l e n g t h  is 
a good compromise between r e f l e c t i v i t y  and  w e i g h t .  
A c c o r d i n g  t o  K e f e r e n c e  ( 3 1 ,  p .  1 7 4 ,  F i g u r e  4 . 5 ,  for 
T 5 B e  t h i c k n e s s  = 2 1  c m ,  (37) 
f 
t h e  r e f l e c t o r  s a v i n g s  i s  
3 =  
The r e f l e c t o r  volume 
'r = 'end p l  
1 6  cm. 
i s  
+ v  t e  
( 3 8 )  
n n u l u s  
( 3 9 )  2 = 2 ' H ( R  + TILT t f l [ ( R + T I 2  - K 1 3 R ,  
where  
R 5 r a d i u s  o f  r e f l e c t e d  core ( b u t  e x c l u d i n g  t h e  
r e f  l e c t o r  1 
= R - 6 .  
C 
The d e n s i t y  o f  B e  i s  
( 4 0 )  
( 4 1 )  
The t o t a l  r e f l e c t o r  mass i s  o b t a i n e d  by c o m b i n i n g  Eqs,  ( 3 7 ) -  
( 4 1 ) :  
3 pr = 1 . 8 4  gm/cm , 
= 5.78 ( 1 6 8  R: - 2289 Rc + 12,1381,  ( 4 2 )  r 
where  Hc i s  i n  c m  and  M i n  grams.  r 
The o v e r a l l  core d i a m e t e r  ( i n c l u d i n g  t h e  r e f l e c t o r )  
is 
( 4 3 )  = 2 ( R  + T I .  
The l e n g t h  of t h e  c o r e  ( e x c l u d i n g  t h e  re f lec tor )  i s  
Dt 
H = 3R. ( 4 4 )  
The core volume ( e x c l u d i n g  t h e  r e f l e c t o r ) ,  i . e , ,  v o i d  p l u s  
f u e l  v o l u m e , i s  
V = 3 I T  R' ,  ( 4 5 )  
- 15 - 
The f u e l  volume is t h e r e f o r e  
= (1 - fi) 3 -  R3. vf 
The f u e l  mass is t h e n  
I'lf = Pf V f ,  
where 
and  mUC are  t h e  masses ( i n  g rams)  of t h e  Z r C  
2 Z r C  
where  n 
a n d  UC2 m o l e c u l e s ,  r e s p e c t i v e l y :  
( 4 6 )  
( 4 7 )  
grams, -22 = 1 .715  X 1 0  Z r C  m 
= 4 . 3 0  X 1 0  -22 g r a m s .  mUC2 
Ploreover ,  from R e f e r e n c e  ( 2 1 ,  p. 1 5 5 ,  T a b l e  5-5, 
3 = 3 . 9 6  x m o l e c u l e s / c m  . N Z r C  
Thus 
O f  t h i s ,  t h e r e  are 
Muc* = ( 3 . 9 6 ) ( 4 . 3 0 )  Vf/d = 1 7 . 0  Vf/d 
( 4 9 )  
( 5 0 )  
(51) 
(53) 
grams of UC2, of which  
MU = ( 2 3 5 / 2 5 9 )  MUC = 0.9075 MUC 
2 2 
( 5 4 )  
g rams  are U-235. Assuming t h a t  t h e  l a t t e r  costs a p p r o x i m a t e l y  
$ lO/g ram,  t h e  f u e l  i n v e n t o r y  cost i s  
(U-235 cost)  = $10 M U  , ( 5 5 )  
N e g l e c t i n g  t h e  c o n t r o l  s y s t e m  ( a n d  a h o s t  of 
o t h e r  components  as w e l l  as t h e  h y d r o g e n  i n  t h e  core) ,  t h e  
t o t a l  reactor mass i s  
Mt = M f  + M r  . (56) 
F i g u r e s  2 - 8  p r e s e n t  t h e  r e su l t s  of t h e  f o r e g o i n g  
c a l c u l a t i o n s  i n  g r a p h i c a l  form.  From i n s p e c t i o n  o f  
t h e s e  f i g u r e s ,  t h e  f o l l o w i n g  reactor  h a s  b e e n  s e l e c t e d  as 
r e p r e s e n t a t i v e  of t h e  t y p e  wh ich  a p p e a r s  most f a v o r a b l e  
f o r  r o c k e t  a p p l i c a t i o n s :  
f = SO%, 
d = 5 0 0 ,  
( 5 7 )  
(58) 
Rc = 163.9 c m ,  ( 5 9 )  
R = 1 4 7 . 9  c m ,  (60) 
Dt = 337.8 c m  ( =  11.08 f t ) ,  ( 6 1 )  
H = 443.7 c m ,  (62) 
( 6 3 )  V = 30.45 m , 3 
3 V f  = 15.225 m , 
3 = 6.83 gm/cm , f 
( 6 4 )  
( 6 5 )  
Mf = 104.0  m e t .  (metric t o n s ) ,  ( 6 6 )  
= 0.518 m e t . ,  
= 0.471 m . t . ,  
MUC2 
MU 
( 6 7 )  
(68) 
M = 24.0 m o t . ,  ( 6 9 )  r 
M t  = 1 2 8 . 0  m . t .  ( 7 0 )  
T h i s  reactor  i s  i n d i c a t e d  by a small c i r c l e  i n  e a c h  of 
F i g u r e s  2 - 8; it w i l l  fo rm t h e  b a s i s  f o r  t h e  c a l c u l a t i o n s  
of P a r t  I V .  ' 
D. F u e l  E lemen t  C o n f i g u r a t i o n  
One i m p o r t a n t  r eac to r  p r o p e r t y  s t i l l  u n s p e c i f i e d  
i s  N ,  t h e  number of v o r t e x  t u b e s  ( f u e l  e l e m e n t s ) .  A s  
w i l l  be r e c a l l e d ,  w e  a s sume  a h e x a g o n a l  a r r a y  of t u b e s .  
Let P be t h e  maximum number of t u b e s  wh ich  c a n  be p l a c e d  
a l o n g  a d i a m e t e r  of t h e  core. Then it may eas i ly  be 
v e r i f i e d  t h a t  
N = N(P) = 
j = 1  (71) 
I n  s e l e c t i n g  a p a r t i c u l a r  c o n f i g u r a t i o n  (wh ich  
a c c o r d i n g  t o E q .  (71) i s  c o m p l e t e l y  s p e c i f i e d  by t h e  se t  
(N, P I ,  t h e  f o l l o w i n g  c o n s i d e r a t i o n s  s h o u l d  be b o r n e  i n  
mind:  
1. Reasons  f o r  d e c r e a s i n g  t h e  v o r t e x  t u b e  
diameter  ( i . e . ,  i n c r e a s i n g  14): 
A .  The t o t a l  f u e l  e l e m e n t  s u r f a c e  area i s  i n c r e a s e d .  
Hence t h e  p r o p e l l a n t  f low r a t e  a n d  t he re fo re  
t h e  t h r u s t  are a l s o  i n c r e a s e d .  
B. Homogenei ty  of t h e  core is i m p r o v e d ,  and  
t h e r e f o r e  t h e  reactor  more c l o s e l y  a p p r o a c h e s  
t h e  i d e a l  case assumed i n  t h e  n u c l e o n i c  
c a l c u l a t i o n s .  (Once N exceeds a b o u t  1 0 0 ,  
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t h i s  r e a s o n  g r e a t l y  d i m i n i s h e s  i n  i m p o r t a n c e ) .  
2 .  Reasons  f o r  i n c r e a s i n g  t h e  v o r t e x  t u b e  d i a m e t e r  
( i . e . ,  d e c r e a s i n g  N): 
A. Prob lems  of  t u b e  f a b r i c a t i o n  are  a m e l i o r a t e d .  
B. For a f i x e d  c e n t r i f u g a l  a c c e l e r a t i o n ,  t h e  
r e q u i s i t e  a n g u l a r  v e l o c i t y  i s  d e c r e a s e d .  
C. For t h e  r a n g e  of c o n f i g u r a t i o n s  of p r a c t i c a l  
i n t e r e s t ,  t h e  t h i c k n e s s  o f  t h e  l i q u i d  f u e l  
The f u e l  e l e m e n t  d i a m e t e r  i s  
2 H  d = r '  
T h u s ,  i n  p a r t i c u l a r ,  w e  have  
a n n u l u s  i s  i n c r e a s e d .  ( I t  v a r i e s  e s s e n t i a l l y  
as  N-1'2), T h i s  means t h a t  t h e  h e a t  t r a n s f e r  
p rob lem i s  somewhat e a s e d ,  s i n c e  each b u b b l e  
h a s  a l o n g e r  p a t h  l e n g t h  w i t h i n  t h e  f u e l .  
I t  i s  l a t e r  shown however ,  t h a t  a d e q u a t e  
h e a t  t r a n s f e r  i s  a c h i e v e d  w i t h i n  a v e r y  s m a l l  
l i q u i d  d e p t h .  
On t h e  basis o f  t h e s e  c o n s i d e r a t i o n s ,  l e t  u s  
se lect  t h e  f o l l o w i n g  t h r e e  c o n f i g u r a t i o n s  f o r  f u r t h e r  s t u d y :  
M a t r i x  1: (N1,  P1) = ( 1 2 7 , 1 3 1 ,  ( 7 2 )  
M a t r i x  2 :  ( N 2 ,  P 2 )  = ( 1 0 1 7 , 3 7 ) ,  ( 7 3 )  
Matric 3 :  ( N 3 ,  P 3 )  = ( 9 9 1 9 ,  115). ( 7 4 )  
( 7 5 )  
( d I l  = 2 2 . 7 5 4  cm = 8.95",  
( d I 2  = 7.995 cm = 3.15", 
( d ) 3  = 2 . 5 7 2  cm = 1 . 0 1 " ,  
E. F u e l  E lemen t  Wall T h i c k n e s s  
The f u e l  e l e m e n t  wal l s ,  it w i l l  be r e c a l l e d ,  
are assumed t o  c o n s i s t  of u n l o a d e d  Z r C .  Heretofore w e  
h a v e  t a c i t l y  assumed t h e i r  t h i c k n e s s  t o  b e  n e g l i g i b l e .  
T h a t  i s ,  w e  h a v e  i g n o r e d  t h e  e f f e c t s  upon o v e r a l l  core 
d i a m e t e r  a n d  d i l u t i o n  r a t i o  of t h i s  volume of p u r e  Z r C .  
The r e a s o n  t h i s  was done  i s  as fo l lows :  The t h i c k n e s s ,  t ,  
( a n d  h e n c e  t h e  i n n e r  d i a m e t e r ,  d i )  o f  t h e  s o l i d  w a l l  i s  
d e t e r m i n e d  from hoop and  t h e r m 2 1  s t ress  c o n s i d e r a t i o n s .  
The hoop stress d e p e n d s  on t h e  a n g u l a r  v e l o c i t y  of t h e  
l i q u i d  f u e l  i n  t h e  t u b e  (wh ich  i s  as y e t  u n d e t e r m i n e d )  
a n d  t h e  t h e r m a l  s t r e s s  depends  on  c e r t a i n  mater ia l s  
. 
p r o p e r t i e s  for w h i c h  d a t a  a re  p r e s e n t l y  u n a v a i l a b l e  i n  
t h e  u n c l a s s i f i e d  l i t e r a t u r e .  I t  i s  t h e r e f o r e  n e c e s s a r y  
I n  t h e  mean t ime ,  i '  t o  d e f e r  a c t u a l  c a l c u l a t i o n  o f  d 
s u b j e c t  t o  l a t e r  r e - e x a m i n a t i o n ,  l e t  u s  a r b i t r a r i l y  c h o o s e  
t h e  w a l l  t h i c k n e s s  t o  b e  
di t do - di = - ,  ( 7 9 )  
2 1 5  
I t  i s  i n  o r d e r  t o  a l l o w  nost c o n v e n i e n t l y  f o r  
r e p l a c e m e n t  o f  E q .  ( 7 9 )  by a s u b s e q u e n t l y  c a l c u l a t e d  v a l u e  
t h a t  w e  h a v e  e x c l u d e d  t h e  e f f e c t s  of n o n - z e r o  t upon t h e  
n u c l e o n i c  c a l c u l a t i o n s  l e a d i n g  up t o  t h e  " s t a n d a r d "  core 
s p e c i f i e d  by L a s .  ( 5 7 ) - ( 7 0 ) .  F o r  t h e  p r e s e n t ,  w e  m e r e l y  
e n l a r g e  t h e  c r i t i c a l  d i m e n s i o n s  and  t o t a l  mass so as t o  
j u s t  accomoda te  t h e  f u e l  e l e m e n t  wal l s ,  i n  a c c o r d a n c e  w i t h  
t h e  c o n v e n t i o n  a d o p t e d  i n  E q .  ( 7 9 ) .  O f  c o u r s e  t h e  a c t u a l  
- 2 0  - 
i n c r e a s e s  w i l l  be  a f f e c t e d  by n u c l e o n i c  c o n s i d e r a t i o n s ,  t h e  
n e t  r e s u l t  beinp, t h a t  a d d i t i o n  o f  t h e  w a l l  mass, M w ,  w i l l  
i n c r e a s e  t h e  b a r e  core mass by a n  amount less  t h a n  M w ,  a n d  
s i m i l a r l y  f o r  t h e  s i z e  i n c r e a s e .  T h i s  i s  b e c a u s e  t h e  
--
m o d e r a t i n g  e f f e c t  of t h e  added ZrC p a r t i a l l y  o f f s e t s  i t s  s i z e  
a n d  mass. We w i l l  s i m p l y  i g n o r e  t h i s  r e f i n e m e n t  a n d  
r e c o g n i z e  t h e  i n t r i n s i c  c o n s e r v a t i s m  of t h e  a p p r o x i m a t i o n .  
Thus ,  s i n c e  t h e  v a l u e s  of d g i v e n  by E q s .  ( 7 5 ) - ( 7 8 )  
r e a l l y  r e p r e s e n t  d i ,  w e  have:  
do = X d  
1 5  i' 
so  
(doll = 2 5 . 7 8 3  c m  = 1 0 . 1 4 "  , 
(dol2 = 9 . 0 6 1  crn = 3.565" ,  
( d o ) 3  = 2 . 9 1 5  crn = 1 . 1 4 7 " ,  
The e n l a r g e d  c o r e  r a d i u s  i s  t h e r e f o r e  
1 6 7 . 6  c m .  K = P d o  - - -  
2 
h e n c e  
Dt = 2 R  + 4 2  = 3 7 7 . 2  c m  = 12.38  f t  
( 8 0 )  
( 8 4 )  
( 8 5 )  
a n d  
Ii = 3R = 5 0 2 . 8  cm. ( 8 6 )  
The t o t a l  core volume ( e x c l u d i n g  r e f l e c t o r )  i s  t h e n  
( 8 7 )  3 V = 3 y r R 3  = 4 4 . 4  m , 
- 2 1  - 
O f  t h i s ,  t h e  i n t e r s t i c e s  be tween t h e  i n d i v i d u a l  f u e l  
e l e m e n t s  and  be tween  t h e  i n n e r  s u r f a c e  of t h e  r e f l ec to r  and  
t h e  f u e l  e l e m e n t s  a c c o u n t  f o r  
( 8 8 )  3 V .  = 1 1 . 1 6  m , 
1 
where  w e  h a v e  t a k e n  t h e  a v e r a g e  f o r  t h e  t h r e e  matrices. 
(The  i n d i v i d u a l  v a l u e s  d i f f e r  from e a c h  o t h e r  by v e r y  
l i t t l e ) ,  
p r o p e l l a n t  m a n i f o l d  volume. 
V i  may a l s o  be  t h o u g h t  of as t h e  p r e - i n j e c t i o n  
The a g g r e g a t e  f u e l  e l e m e n t  w a l l  volume h a s  a n  
a v e r a g e  v a l u e  for the t h r e e  matrices of 
( 8 9 )  3 V w  = 7.32 m ,  
T h i s  l e a v e s  a t o t a l  of 2 5 . 9 2  m', d i v i d e d  e q u a l l y  ( w e  a s s u m e )  
be tween f u e l  and  hydrogen  ( " v o i d " )  : 
( 9 0 )  3 V f  = V h  = 1 2 . 9 6  m .  
The f a c t  t h a t  t h i s  i s  1 4 . 9 %  less  t h a n  t h e  v a l u e  for 
t h e  o r i g i n a l  s t a n d a r d  r e a c t o r  ( o f  C q .  ( 6 4 ) )  w i l l  s i m p l y  be  
d i s r e g a r d e d .  T h a t  w e  may d o  t h i s  w i t h o u t  i n t r o d u c i n g  g r e a t e r  
e r ro r s  t h a n  a re  c o m p a t i b l e  w i t h  t h e  d e g r e e  o f  a c c u r a c y  of 
p r e v i o u s  a s s u m p t i o n s  a n d  c a l c u l a t i o n s  s h o u l d  b e  e v i d e n t  
from e a r l i e r  rernarks. (The d i s c r e p e n c y  a r i s e s ,  i n c i d e n t a l l y ,  
f rom t h e  f ac t  t h a t  w e  o r i g i n a l l y  assumed V f  t o  be s i m p l y  V / 2 ) .  
Note t h a t  w e  s t i l l  assume t h a t  V h ,  t h e  hydroKen volume w i t h i n  
T h i s  means t h e  f u e l  e l e m e n t s  ( i , e . ,  e x c l u d i n g  V i )  e q u a l s  V 
t h a t  t h e  v o i d  f r a c t i o n  f o r  t h e  i n t e r i o r  of a s i n q l e  f u e l  
f' 
e l e m e n t  i s  s t i l l  t a k e n  t o  b e  50%,  b u t  t h e  a c t u a l  o v e r a l l  
core v o i d  f r a c t i o n  i s  now r e a l l y  5 4 . 3 % .  
- 2 2  - 
The r e f l e c t o r  volume i s ,  from Eq.  ( 3 9 1 ,  
( 9 1 )  3 V r  = 1 6 . 5 3  m ,  
Thus 
Mr . = 30.40 m o t . ,  ( 9 2 )  
a v a l u e  wh ich  i s  n e a r l y  2 7 %  g r e a t e r  t h a n  t h a t  g i v e n  by 
E q .  ( 6 9 ) .  
The f u e l  mass i s  
Mf = 8 8 . 5 0  m . t . ,  
o f  wh ich  
= 0.44 m . t .  %c 
are U C 2 ,  of w h i c h ,  i n  t u r n ,  
;.I = 0 . C O  m . t .  U 
a re  U-235. Thus w e  s e e  t h a t ,  a t  $lO/qm, a n d  a s suminq  
t h a t  i n - f l i g h t  r e p l e n i s h m e n t  i s  n e g l i g i b l e ,  t h e  n e t  
f i s s i o n a b l e  inaterial  cost  i s  l e s s  t h a n  $ 4  m i l l i o n .  
The t o t a l  mass o f  t h e  f u e l  e l e m e n t  w a l l s  
i s  
( 9 3 )  
( 9 4 )  
( 9 5 )  
PIw = 49.78 m a t ,  ( 9 6 )  
N e G l e c t i n g  ( a s  b e f o r e )  t h e  mass of t h e  hydrogen  i n  t h e  core 
a n d  t h e  mass of t h e  n o z z l e ,  w e  f i n d  t h a t  t h e  t o t a l  reac tor  
mass i s  
I j t  = I’lf + MGI + Elr = 168’.7 m o t .  ( 9 7 )  
I V .  SYSTEM ANALYSIS 
A. Chamber P r e s s u r e  and P r o p e l l a n t  Mass Flow Rate 
of p r o p e l l a n t  g a s  
TC’  The maximum t e m p e r a t u r e ,  
- 2 3  - 
i n  t h e  chamber  i s  f i x e d  by materials l i m i t a t i o n s .  
I n  S e c t i o n  I11 t h i s  t e m p e r a t u r e  was t a k e n  t o  b e  . 
0 B 
l', = 4 3 0 0  K 
T h i s  v a l u e  will b e  p r e s u p p o s e d  i n  a l l  s u b s e q u e n t  c a l c u l a t i o n s .  
I n  o r d e r  t o  maximize t h e  t h r u s t ,  F ,  w e  m u s t ,  
A c c o r d i n g  Pc among o t h e r  t h i n g s ,  maximize t h e  d e n s i t y ,  
i s  p r o p o r t i o n a l  t o  t h e  chamber  P c  t o  t h e  p e r f e c t  g a s  l a w ,  
p r e s s u r e ,  p,, s i n c e  T 
i s  d e s i r a b l e  t o  maximize  pc. 
is s p e c i f i e d .  Thus w e  see t h a t  i t  
C 
On t h e  o t h e r  hand ,  t h e  s p e c i f i c  i r n n u l s e ,  Isp, 
v a r i e s  a s R  - ' I2 ,  ba\ b e i n g  t h e  mean m o l e c u l a r  mass of t h e  
e x h a u s t  g a s .  
d i s s o c i a t i o n  d e c r e a s e s ,  s o ~ l ~  i n c r e a s e s ,  t h e r e b y  l o w e r i n g  
p e r f o r m a n c e  (I 1. I n  o t h e r  words ,  from a D e r f o r n a n c e  
s t a n d p o i n t ,  it i s  d e s i r a b l e  t o  m i n i m i z e  p . 
A s  p, i s  i n c r e a s e d ,  t h e  f r a c t i o n a l  
SP 
C 
The  f o l l o w i n g  c h o i c e  of D~ r e p r e s e n t s  a compromise 
b a s e d  upon t r i a l  c a l c u l a t i o n s ,  be tween t h e s e  c o n f l i c t i n g  
r e q u i r e m e n t s  : 
= 1 0  a tm = 1 4 6 , 3 6 0  p s i  ~ PC 
= 1 . 0 1 3 2  x l o 7  dynes / cm 2 ( 9 8 )  
T h i s  v a l u e  i s  a d o p t e d  f o r  t h e  sample  case,  and  f u l l  p r e s s u r e  
d e p e n d e n c e  i s  i l l u s t r a t e d  l a t e r  i n  t h e  r e p o r t .  
.'. .. 
S e e  f o o t n o t e  on  pzge  5 ,  
- 21.r - 
T a b l e  I of a t e c h n i c a l  n o t e  by C. R. King (4) 
g i v e s  t h e  vacuum s p e c i f i c  i m p u l s e  for a n  e q u i l i b r i u m  
c o m p o s i t i o n  of p u r e  hydrogen  w i t h  pc = 1 0  a t m  and  p r e s s u r e  
r a t i o  = 3 0 0 0  as:  
1594.3  s e c  f o r  Tc = 4200°K 
1687.9 sec for Tc = 4400'K. 
a n d  s p  = 
s p  = 
I 
I 
T h e s e  cases c o r r e s p o n d  t o  n o z z l e  area r a t i o s  of 2 2 1 . 2 1  
a n d  229 .33 ,  r e s p e c t i v e l y  -- v a l u e s  which  may c e r t a i n l y  b e  
a c h i e v e d  w i t h o u t  e x c e s s i v e  n o z z l e  w e i g h t ,  s i n c e  t h e  
D r o p e l l a n t  i s  hydrogen .  The a r i t hme t i c  mean of t h e s e  
s p e c i f i c  i m p u l s e  v a l u e s  is 1 6 4 1 . 1  sec. L e t  u s  t h e r e f o r e  
a s sume  t h a t  for t h e  case u n d e r  c o n s i d e r a t i o n ,  n e g l e c t i n g ,  for 
t h e  r.oment, a n y  f u e l - e l e m e n t  v a p o r  c o n t a m i n a t i o n ,  
I = 1 6 0 0  s e c .  ( 9 9 )  
SPV 
A t  t h e  s p e c i f i e d  chamber  t e m p e r a t u r e  a n d  p r e s s u r e  
w e  h a v e ,  a c c o r d i n g  t o  F i g u r e  11 of K i n g ' s  p a p e r ,  
qc = 1 . 4 6 5  a.m.u. (100) 
ano = 2 . 0 1 6  a.rn.u. (101) 
O f  c o u r s e  for t h e  c o o l  g a s  ( a t  i n j e c t i o n ) ,  
Ye w i l l  examine t h e  i m p l i c a t i o n s  of t h e  f o l l o w i n g  
r e p r e s e n t a t i v e  t h r u s t  l e v e l s  : 
Case A:, 
I Fa = 1 0  gm = 1 0  met r ic  t o n s  - 2 2 , 0 5 0  lb, 
3 = 6 . 2 5  x 1 0  gm/sec .  
( 1 0 2 )  
(103) 
Case B :  
7 FB = 5 x 1 0  
PIB = F /I = 3.125 x 1 0  gm/sec  
g m  5 0  met r ic  t o n s  = 1 1 0 , 2 5 0  lb, (104) 
( 1 0 5 )  4 
B SP 
Case C :  
(106) 
fl = F /I = 6.25 x lo4 gm/sec .  ( 1 0 7 )  
8 = 1 0  qm = 1 0 0  metric t o n s  = 220,500 lb, Fc 
C c SP 
b. Nomenclature C o n v e n t i o n s  
I n  S e c t i o n  I11 w e  l e t  d i  a n d  do d e n o t e ,  r e s p e c t i v e l y ,  
t h e  i n n e r  and o u t e r  d i a m e t e r s  of t h e  s o l i d  w a l l  of a s i n E l e  
f u e l  e l e m e n t .  Here, however ,  w e  are  n o  l o n g e r i n t e r e s t e d  
i n  what h a p p e n s  a t  t h e  o u t e r  e d q e  of t h e  s o l i d  w a l l .  Hence 
t h e r e  w i l l  be  l i t t l e  d a n g e r  of c o n f u s i o n  i f  w e  c h a n g e  
n o t a t i o n  as fo l lows:  L e t  c a p i t a l  l e t t e r s  ( R  f o r  r a d i u s  a n d  
2 f o r  d i a m e t e r )  r e f e r  t o  f u e l  e l e m e n t  d i m e n s i o n s ,  w h i l e  
lower case l e t t e r s  r e f e r  t o  t h e  c o r r e s p o n d i n q  d i m e n s i o n s  
of a s i n q l e  b u b b l e .  The s u b s c r i p t  o w i l l  r e f e r  t o  t h e  
b u b b l e  i n j e c t i o n  p o s i t i o n ,  i . e . ,  t h e  o u t e r  s u r f a c e  of t h e  
l i q u i d  f u e l  a n n u l u s ;  s i m i l a r l y ,  t h e  s u b s c r i p t  i w i l l  r e f e r  
t o  c o n d i t i o n s  a t  t h e  l i q u i d / g a s  i n t e r f a c e ,  i . e . ,  t h e  o u t e r  
s u r f a c e  of t h e  c e n t r a l  c a v i t y .  (The  s u b s c r i p t s  i a n d  c 
a re  i n t e r c h a n q e a b l e ,  s ince it  i s  assumed t h a t  t h e  q a s  
p r o p e r t i e s  a r e  u n i f o r m  t h r o u g h o u t  t h e  c e n t r a l  c a v i t y ) .  
U n s u b s c r i p t e d  l e t t e r s  d e n o t e  v a r i a b l e s .  
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C. F u e l  Element  Geometry 
I n  t h e  new n o t a t i o n ,  a c c o r d i n g  t o  E q s .  ( 7 6 ) - ( 6 8 > ,  
(Roll = 11.377 c m ,  ( 1 0 8 )  
( R o 1 2  = 3.9975 c m ,  
( R o 1 3  = 1.286 c m .  
( 1 0 9  
(110 
I n  o r d e r  t o  d e t e r m i n e  t h e  i n n e r  r a d i i ,  ( R i l l ,  
( R i 1 2  a n d  (R.) 
( i n t r a - f u e l  e l e m e n t )  v o i d  f r a c t i o n  i s  t o  b e  a l l o c a t e d  t o  t h e  
w e  must  f i r s t  d e c i d e  how much of t h e  5 0 %  
1 3'  
c e n t r a l  c a v i t y  and  how much t o  t h e  b u b b l e s .  On t h e  o n e  
h a n d ,  it i s  d e s i r a b l e  t o  maximize R i ,  or a t  l e a s t  keeD 
t h e  i n n e r  s u r f a c e  of t h e  f u e l  a n n u l u s  from b e i n g  t o o  
n e a r  t h e  a x i s ,  for o t h e r w i s e  t h e  a n g u l a r  v e l o c i t y  r e q u i r e d  
t o  a c h i e v e  a s p e c i f i e d  c e n t r i f u g a l  a c c e l e r a t i o n  becomes e x c e s s i v e .  
On t h e  o t h e r  h a n d ,  i t  i s  o b v i o u s l y  d e s i r a b l e  t o ' m a x i m i z e  
t h e  a g g r e g a t e  volume,  Vb, o f  t h e  b u b b l e s  i n  t h e  f u e l  a t  any 
i n s t a n t .  The maximum p e r m i s s i b l e  v a l u e  of t h e  r a t i o  
"b (111) 
of a g g r e g a t e  b u b b l e  volume t o  combined l i a u i d  f u e l  a n d  
a g g r e q a t e  b u b b l e  volumes i s ,  however ,  f i x e d  by a n o t h e r  
c o n s i d e r a t i o n .  R. W. Bussa rd  ( 5 )  c i t e s  a p r o b a b l e  p r a c t i c a l  
l i m i t  f o r  t h i s  r a t i o  of 0 . 3  t o  0 . 4 ,  i f  o n e  w i s h e s  t o  a v o i d  
t h e  e x t r e m e  s i t u a t i o n  w h e r e  t h e  l i g a m e n t s  of l i q u i d  
c o n n e c t i n g  i n t r a - b u b b l e  r e g i o n s  b r e a k ,  so t h a t  t h e  s v s t e m  
i s  r e d u c e d  t o  a c o l l e c t i o n  of l i q u i d  d r o p l e t s  s u s p e n d e d  i n  
. 
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t h e  gas stream. I n  s u c h  a case s m a l l  f u e l  d r o p l e t s  w i l l  
t e n d  t o  b e  s w e p t  o u t  w i t h  t h e  g a s  f l o w  and  t h e  loss r a t e  
may be e x c e s s i v e ,  u n l e s s  an a d d i t i o n a l  s e p a r a t i o n  s t a g e  
i s  i n t r o d u c e d ,  
.L ,. 
A c t u a l l y ,  i t  w i l l  p r o v e  e x p e d i e n t  t o  s p e c i f y  
t h e  s p a c i n g s  be tween b u b b l e s  (as  f u n c t i o n s  of b u b b l e  
s i z e  and  d e p t h ) .  
u n i q u e l y .  N e v e r t h e l e s s ,  it i s  n e c e s s a r y  t o  k e e p  i n  mind 
T h i s ,  i n  t u r n ,  s e r v e s  t o  f i x  *Jb 
t h e  l i m i t a t i o n  c i t e d  above  when c h o o s i n g  t h e  b u b b l e  
s p a c i n g s .  T h a t  i s ,  t h e  s p a c i n g s  mus t  b e  s e l e c t e d  i n  
s u c h  a way t h a t  gb d o e s  n o t  e x c e e d  a b o u t  0 . 3 ,  
C o n s i s t e n t  w i t h  t h e  p a r t i c u l a r  c h o i c e  of s p a c i n g s  
which  w i l l  be  made be low,  it i s  n e c e s s a r y  t o  assume t h a t  
gb = 0 . 1 6 1  
T h i s  means t h a t  
vb = "f = 0 . 1 9 2  Vf . a39  
( 1 1 2 )  
( 1 1 3 )  
S i n c e  h a l f  t h e  volume,  V ,  w i t h i n  e a c h  f u e l  e l e m e n t  c o n s i s t s  
of l i q u i d  f u e l  and  t h e  res t  hydroqen  ( r e c a l l  t h a t  t h e  f u e l  
e l e m e n t  v o i d  f r a c t i o n ,  ?/-E ( V  - V f ) / V ,  h a s  been  t a k e n  t o  
be S O % ) ,  t h i s  i m p l i e s  t h e  f o l l o w i n g  a p p o r t i o n m e n t  of volumes:  
.I. .. 
P r o f e s s o r  R .  S h i n n a r  ( 6 )  h a s  p r o p o s e d  a " m i s t  core reac tor"  
b a s e d  upon t h i s  p r i n c i p l e ,  wh ich  h o l d s  some D r o m i s e  of g r e a t e r  
t h r u s t  l e v e l s  t h a n  t h o s e  p o s s i b l e  w i t h  a l i q u i d  core r e a c t o r  
b a s e d  on b u b b l e s ,  The q u e s t i o n  o f  what  would be t h e  p e r f o r m a n c e  
d e g r a d a t i o n  ( i f  a n y )  which r e s u l t s  from t h e  m e c h a n i c a l  c o m p l e x i t y  
i n t r o d u c e d  by a s u b c r i t i c a l  c e n t r i f u g a l  s e p a r a t o r  d i s t i n c t  from 
t h e  reac tor  core i s  y e t  t o  be  i n v e s t i g a t e d .  
- 28 - 
o r  
Thus 
V f  = v / 2  
V b  = 0 . 0 9 5 9  V, 
= V - V f  - V b  = 0 . 4 0 4  V .  ' c a v i t y  
Ri i s  
v R i  2 = 
Ki = 
( R i l l  
( R i I 2  
m i l 3  
now f i x e d ,  s i n c e ,  by C q .  ( 1 1 6 )  
2 0 . 4 0 4  T Ro 
0.636Ro* 
7 . 2 3  c m ,  
2 . 5 4  cm,  
0 . 8 1 7  c m  
(116) 
( 1 1 7  1 
( 1 1 8 )  
1). Bubble  S h a p e ,  V e l o c i t y  and  D i s t r i b u t i o n  
A t  t h i s  p o i n t  it would be  w e l l  t o  r e -emDhas ize  
t h a t  a l l  c a l c u l a t i o n s  are b a s e d  on  t h e  a s s u m p t i o n  o f  
s t e a d y - s t a t e  o p e r a t i o n .  I n v e s t i g a t i o n  of  t h e  v a r i o u s  t y p e s  
of t r a n s i e n t  b e h a v i o r  m a n i f e s t e d  i n  a l i q u i d  core  r e a c t o r  
a r e  beyond t h e  scope of t h i s  s i m p l i f i e d  f e a s i b i l i t y  s t u d y .  
I n  a t t e m p t i n g  t o  p o s t u l a t e  a r e a s o n a b l e  p h y s i c a l  
model  for t h e  b u b b l e s  i n  t h e  core ,  i t  i s  i m n o r t a n t  t o  
r e a l i z e  t h a t ,  s i n c e  w e  w i s h  t o  maximize t h e  p r o p e l l a n t  flow 
r a t e  ( i n  o r d e r  t o  maximize t h e  t h r u s t ) ,  w e  mus t  d e a l  w i t h  
. 
' " l a r g e "  b u b b l e s .  Hore p r e c i s e l y ,  o u r  a t t e n t i o n  m u s t  b e  
c o n f i n e d  t o  b u b b l e s  o f  v e r y  h i g h  Reyno lds  number.  T h i s  
i m p l i e s  t h a t  t h e  s h a p e  of each b u b b l e  i s  a p p r o x i m a t e l y  a 
s p h e r i c a l  c a p ,  a n d  n o t  a s p h e r e  ( n o r  e v e n  a n  o b l a t e  
s p h e r o i d ) .  i ience t h e  f o r m u l a s  of S t o k e s  , i iadamard a n d  
Hybczynsky and  Chao ( 8 1 ,  all o f  which  a D p l v  o n l y  t o  
p e r f e c t  s p h e r e s ,  are i n a D D l i c a b l e .  The S t o k e s  f o r m u l a  i s  
v a l i d  for a b u b b l e  whose Reyno lds  nurnber i s  swill cornpared 
w i t h  u n i t y  a n d  i n d e e d  s o  small t h a t  t h e  i n t e r f a c e  b e h a v e s  
l i k e  a s o l i d  w a l l ;  i t  y i v e s  t h e  t e r n i n a l  v e l o c i t v  a s  
? r o ? o r t i o n a l  t o  q r  . The H a d a m a r d - ~ y b c z v n s k v  forrnuli., 
also a D r > l i e s  o n l v  t o  t he  case wnere  i<e C C  1, b u t  t a k e s  i n t o  
a c c o u n t  t h e  m o b i l i t y  of t h s  i n t e r f a c e ;  i t  Fr,ives 2 t e r r n i n a l  
ve loc i ty ,?  50'% g r e a t e r  t h c l n  t!iat g i v e n  by t h e  S t o k e s  f o r m u l z ,  
t h e  f u n c t i o n a l  dependence  h e i n ?  e s s e n t i z - l l y  the sane. 
The Chzo f o r m u l z  h o l d s  f o r  b u b b l e s  whose Reynolds riurnber 
i s  l a r q e  compared  w i t h  u n i t y ,  b u t  n o t  s o  l a r q e  t h a t  
d i s t o r t i o n  of  t h e  s p h e r i c a l  s h a a e  o c c u r s ;  i t  t a k e s  i n t o  
a c c o u n t  t h e  i n t e r n a l  ( g a s )  c i r c u l a t i o n  and resenbles t h e  
ii z d  arnar d - RV b c z yn s k y f orrnu 1 a ex ce? t for a c o r r e  c t i o n  riih i c h 
d e p e n d s  on t h e  i i eyno lds  number.  
.'. ,. 
.'. J. .. ,. 
2 
I t  h a s  been  found e x p e r i n e n t a l l v  t h a t  2.11 b u b b l e s  
of s u f  f i c i e n t 1 ; r  h iEh  Xeynolds nur?.ber a r e  v e r y  n c a r l v  
s F h e r i c a 1  ca?s ( s e e  f i q u r e  9 1. A c t u a l l y ,  t h e  downst ream 
b o u n d a r y  t e n d s  t o  b e  s l i q h t l y  concave  "downward" or 
i r r e g u l a r  r a t h e r  t h a n  j u s t  f l a t ,  b u t  t h i s  r e f i n e m e n t  w i l l  
$: S e e  a n y  s t a n d a r d  work on h y d r o d y n a m i c s ,  e . Z . ,  Lamb ( 7 1 ,  
pp .  5 9 8 - 5 3 9 .  
S e e  Lamb, op. c i t . ,  DD.  6 0 0 - 6 0 1  
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be n e g l e c t e d .  T a y l o r  and D a v i e s  ( 9 )  h a v e  shown t h a t  t h e  
t e r m i n a l  v e l o c i t y  of a spherical  c a p  b u b b l e  i s  
u = ;e, ( 1 2 2 )  
where r i s  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  b u b b l e .  Note 
t h a t  t h e  s i z e -  and  a c c e l e r a t i n g  f i e l d - d e p e n d e n c e s  are 
q u i t e  d i f f e r e n t  f rom t h o s e  which p r e v a i l  f o r  s p h e r i c a l  
b u b b l e s .  I-loreover, t h e  d i v e r g e n c e  f rom s p h e r i c i t y ,  q u i t e  
a p a r t  f rom i t s  e f f e c t  upon t h e  v e l o c i t y ,  a l so  has non- 
n e g l i g i b l e  r a m i f i c a t i o n s .  
D e f i n i n g  t h e  t h i c k n e s s ,  b ,  and  t h e  h a l f - a n g l e  
s u b t e n d e d ,  8 , as  shown i n  F i g u r e  1 0 ,  w e  see t h a t  
b = r (1 - c o s 8  1 .  (123) 
Now, it i s  e x p e r i m e n t a l l y  o b s e r v e d  t h a t  a l l  s p h e r i c a l  
c a p  b u b b l e s  a re  q e o m e t r i c a l l y  s imi la r .  I n  p a r t i c u l a r ,  
i t  has been  f o u n d  t h a t  
8 2 5 2 4  ( 1 2 4 )  
i n d e p e n d e n t  o f  r. While  t h i s  i s  p e r h a p s  i n t u i t i v e l y  s t r a n E e ,  
it i s  n e v e r t h e l e s s  c e r t a i n l y  a c o n v e n i e n t  f a c t .  Thus w e  
have  
b = r (1 - cos 5 2 O )  = 0 . 3 8 4  r ,  ( 1 2 5 )  
I t  i s  now a s i m p l e  matter t o  c a l c u l a t e  t h e  volume,  
v , o f  a b u b b l e :  
S u b s t i t u t i o n  of E q .  ( 1 2 5 )  i n t o  Eq .  ( 1 2 6 )  g i v e s  
(127) 3 V = 0 . 4 0 5  r , 
I'he area of a s p h e r i c a l  cap b u b b l e  i s  o b t a i n e d  as  follows: 
52" 
a r2 s i n e  d e  d e  = 27rr2/  s i n e  d e  
0 
= 2 7 r r 2  (1-cos 52') = 2 c n r b  
2 = 0 . 7 6 9 7 r r  , 
2 2 = fTr2 s i n  = 0 . 6 2 1 3 '  r . 
bo t tom a 
Thus 
2 
+ a bottom = 1 . 3 9 0 r r r  c a p  
a = a  
= 4.376 r ,  2 ( 1 3 0 )  
The " e q u i v a l e n t  r a d i u s " ,  d e f i n e d  as  t h e  r a d i u s  
of a s p h e r e  of volume v , i s  t h e n  
r = I ( 3 ) ( 0 . 4 0 5 )  ]1'3 r = 0 , 4 5 9  r .  ( 1 3 1 )  e 
F o r  t h e  s a k e  of s i m p l i c i t y ,  w e  w i l l  assume t h a t  
a l l  t h e  b u b b l e s  i n  t h e  c o r e  are n e a t l y  a r r a y e d  i n  a " l o c a l l y  
t e t r a g o n a l "  l a t t i c e .  Let t h e  c e n t e r - t o - c e n t e r  l a t e r a l  s e p a r a t i o n  
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d i s t a n c e  a t  s t a t i o n  i be 
l a t  s i = 2 . 0 1  Pi S i n  52' = 1 . 5 8  ri , ( 1 3 2 )  
T h i s  s p a c i n g  i s  d e s i g n a t e d  as " l a t e ra l "  i n  o r d e r  t o  i n d i c a t e  
t h a t  i t  i s  assumed t o  be t h e  same i n  t h e  a x i a l  as i n  t h e  
c i r c u m f e r e n t i a l  d i r e c t i o n .  C l e a r l y ,  t h i s  d i s t a n c e  i n c r e a s e s  
l i n e a r l y  w i t h  R. Thus ,  i n  g e n e r a l ,  
S l a t  = 1 . 5 8  ri(%) . 
The maximum l a t e r a l  s e p a r a t i o n  o c c u r s ,  of course,  a t  
( 1 3 3 )  
where  u s e  h a s  been  n a d e  of E q .  (118). 
The r a d i a l  c e n t e r - t o - c e n t e r  s e p a r a t i o n  a t  s t a t i o n  
i i s  assurned t o  be 
where  u s e  h a s  been  made o f  C q .  ( 1 2 5 ) .  T h i s  t oo  i s  a f u n c t i o n  
of 3, b e c a u s e  t h e  b u b b l e  t e r m i n a l  v e l o c i t y  v a r i e s  ( n o n l i n e a r l v )  
w i t h  K. 
s c h e m a t i c  r e p r e s e n t a t i o n  of t h e  p o s t u l a t e d  b u b b l e  d i s t r i b u t i o n .  
srad w i l l  be c a l c u l a t e d  l a t e r .  F i g u r e  1 0  i s  a 
0 
The f o r e q o i n g  a s s u m p t i o n s ,  w h i l e  somewhat a r b i t r a r y ,  n e v e r -  
t h e l e s s  a r i s e  r a t h e r  n a t u r a l l y  from a n  a t t e m D t  t o  m i n i m i z e  
b u b b l e  i n t e r a c t i o n  < e . g . ,  c o a l e s c e n c e  o f  two or more b u b b l e s )  
w i t h o u t  r e s o r t i n g  t o  s e v e r e  d e p o p u l a t i o n  and  w i t h o u t  making 
i m p o s s i b l e  demands on t h e  b u b b l e  f r e q u e n c y .  
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iJote t h a t  ri (and  t h e r e f o r e  a l s o  ro) are 
now r e a l l y  f i x e d ,  s i n c e  we have  c h o s e n  t o  s p e c i f y  b o t h  
t h e  a q g r e g a t e  b u b b l e  v o l u m e ,  V b ,  and  t h e  s p a c i n g  of t h e  
b u b b l e s  ( t h e  l a t t e r  as f u n c t i o n s  of r i) .  I t  i s  i n s t r u c t i v e ,  
h o w e v e r ,  t o  c o n s i d e r  ri as a p a r a m e t e r  o r  a s  a n  i n d e p e n d e n t  
v a r i a b l e  f o r  t h e  t i m e  b e i n g ,  e s p e c i a l l y  s i n c e  t h e r e  i s  a 
c e r t a i n  d e q r e e  o f  a r b i t r a r i n e s s  i n  t h e  c h o i c e s  r e D r e s e n t e d  
by E q s .  (1141, (131) and ( 1 3 4 ) .  I n  t h i s  way it w i l l  be  
p o s s i b l e  t o  p l o t  t h e  r o t a t i o n a l  f r e q u e n c y ,  3 ,  and  t h e  
n o n d i m e n s i o n a l i z e d  a c c e l e r a t i o n ,  , o f  t h e  f u e l  a n n u l u s  
V S .  r .  f o r  d i f f e r e n t  c a s e s  of i n t e r e s t ,  Such c u r v e s  w i l l  
Drove v e r y  u s e f u l ,  Later w e  w i l l  c h e c k  t o  see t h a t  o u r  
1 
n a r t i c u l a r  c h o i c e  of r .  i s  i n d e e d  cornDat ib le  w i t h  La. (115) 
anci t h e  p o s t u l a t e d  s p a c i n g s .  
1 
L e t  t h e  f u e l  a n n u l u s  t h i c k n e s s  ( i , e . ,  t h e  b u b b l e  
J .  
p a t h  l e n g t h " )  be d e n o t e d  by 
and  l e t  
d e n o t e  t h e  ( v a r i a b l e )  d e p t h  i n  t h e  l i q u i d  f u e l .  I n  e f f e c t ,  
t h e n ,  we have  assumed t h a t  t h e  b u b b l e s  a re  c o n f i n e d  t o  
s e p a r a t e  n o n - i n t e r a c t i n g  r a d i a l  stream t u b e s  or " c h a n n e l s "  
of l e n g t h  R z  and  of r a d i u s  wh ich  v a r i e s  f rom a minimum of 
.b ,. 
The a s s u m p t i o n  t h a t  t h e  b u b b l e  p a t h s  a re  r e c t i l i n e a r  
r e l a t i v e  t o  t h e  l i q u i d ,  r a t h e r  t h a n  h e l i c a l  o r  z i g - z a g ,  i s  
i m p l i c i t  . 
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' r  s i n e  = 0 . 7 8 8  r a t  i n j e c t i o n  t o  a maximurn of 
0 0 
r .  s i n e  = 0 . 7 8 8  r .  a t  emergence ,  
'l'he b u b b l e s  a r e  formed w i t h  a c o n s t a n t  f r e q u e n c y ,  9. 
1 1 
.5 ,. .'. .'. T h i s  illeans t h a t  a t  a n v  f i x e d  d e p t h  K" ( 0  5 K "  Cii 
b u b b l e s  a s c e n d  p a s t  t h i s  deDth  p e r  s e c o n d  i n  e a c h  c h a n n e l .  
C l e a r l y ,  
1, i i 0 
U .  
1 
- a  
r a d  
i S 
9 =  
r ,  . i n c  t o t a l  n u n b e r  o f  c h a n n e l s  i n  a s i n g l e  f u e l  
P lelieri t i s  
2 T X .  2 -  13.1; 
2.51 2 = (  c,lzi)j i -)= i 1 r 
( 1 3 8 )  
( 1 3 9 )  
,... l n u s  t h e  n u n b e r  of  c h a n n e l s  p e r  s c iua re  c e n t i n e t e r  of  fuel 
e lc rnen t  w a l l  a re2 ( i n n e r  s u r f z c e )  is 
.-. 
L, C e n t r i f a q z l  i ' i c c e i e r z t i o n  and  b1. lbt ie  1;ize 
I,ct u s  focus our a t t e n t i o n  no!.: ui>OIi s t a t i o n  i ,  
wnere  t h e  b u b S l e s  clrner7:e i n t o  t h e  c e n t r a i  cav i t ; ] .  i iccall in;!  
t h a t  t h e  s u b s c r i p t s  c and  i are ir1terc;lan::eable ( b e c 2 u s e  t h e  
c c n t r z l  c a v i t v  is assumed t o  b e  hornoFeneous) ,  we rnav s u b d t u t t ?  
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E q s .  ( 9 7 1 ,  ( 9 8 )  a n d  ( 1 0 0 )  i n t o  t h e  p e r f e c t  g a s  l a w  t o  
o b t a i n :  
= 4.16 x 10'' qm/cm 3 . ( 1 4 1 )  
Us inq  Cqs .  ( 1 2 7 )  and  ( 1 4 0 1 ,  w e  see t h a t  e a c h  
b u b b l e  c r o s s i n g  s t a t i o n  i h a s  mass 
pi = ( l . 6 8 ) ( 1 0 ' 5 >  r:. ( 1 4 2 )  3 n. 1 = vi Pi = 0 . 4 0 5  ri 
The mass f low rate of gas i n  a s i n g l e  f u e l  e l e m e n t  i s  
where  u s e  h a s  b e e n  n a d e  of L q s .  ( 1 4 2 1 ,  ( 1 3 9 )  a n d  ( 1 3 5 ) .  
S u b s t i t u t i n g  E a ,  ( 1 2 2 )  i n t o  E q .  (143) g i v e s  
1 / 2  1 / 2  r .  
1 '  
fl = 0,0307 R i ~ i  ( 1 4 4 )  
b u t  
* ( 1 4 5 )  2 2  = J R i  4 -  '3/ R i ,  g i  
where  d i s  t h e  a n g u l a r  v e l o c i t y  a n d  Y i s  t h e  r o t a t i o n a l  
f r e q u e n c y .  S u b s t i t u t i n g  C q .  ( 1 4 5 )  i n t o  E q .  ( 1 4 4 )  q i v e s  
?I = 0 . 1 9 3 9 R i  3 / 2 r 1 / 2  . ( 1 4 6 )  
E l i m i n a t i n g f l  be tween  E a .  ( 1 4 6 )  a n d  t h e  f o l l o w i n g  o b v i o u s  
r e l a t i o n  : 
fi = PI / I d  t o t  ( 1 4 7 )  
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and s o l v i n g  f o r  V ,  w e  have 
0 
= 4 T 2  3 r 2  K gmax go 
L L  0 . 6 3 6  N Ri ri 
:de now d e f i n e  
lato I maximum number of q ' s  a c c e l e r a t i o n  
2 - 1 . 7 0  m t o t  - 
N 2 R i r i  2 . ( 1 5 0 )  
( ~n.1  and gmin ( = q . 1  a r e ,  of c o u r s e ,  j u s t  0 . 6 3 6  t imes  ' k i n  1 - 1  
r e s p e c t i v e  minimum v a l u e s  ( c f .  E q .  ( 1 1 8 ) ) .  F i q u r e  11 
p l o t s  2 v s .  ri f o r  d i f f e r e n t  core m a t r i x  g e o m e t r i e s  (Cases 1, 
2 and  3 )  znd d i f f e r e n t  t h r u s t  l e v e l s  (Cases A ,  B and C) of 
i n t e r e s t .  F i g u r e  1 2  ? l o t s  a. V S .  r for t h e  same n i n e  cases.  i 
The d a s h e d  parts on t h e  r i g h t - h a n d  s i d e  of t h e  
c u r v e s  i n  F i g u r e s  11 and  1 2  r e p r e s e n t  " f o r b i d d e n  z o n e s " ,  
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I 
c o r r e s p o n d i n g  t o  c o n d i t i o n s  where  t h e  b u b b l e  s i z e  i s  t o o  
l a r g e  f o r  t h e  s p e c i f i e d  f u e l  d e p t h .  O f  c o u r s e  h e a t  t r a n s f e r  
c o n s i d e r a t i o n s  must  r e a l l y  a l s o  be  t a k e n  i n t o  a c c o u n t  i n  
t h e  d e f i n i t i o n  of s u c h  zones.  U n t i l  w e  have  a c t u a l l y  
c a r r i e d  o u t  t h e  n e c e s s a r y  h e a t  t r a n s f e r  c a l c u l a t i o n  (see 
b e l o w ) ,  i t  w i l l  s u f f i c e  t o  a d o p t  t h e  f o l l o w i n g  c r i t e r i o n  
as t h e  d e f i n i t i o n  of t h e s e  f o r b i d d e n  z o n e s :  
I -  
. ?  ~, * 
A l t h o u q h  p e r h a p s  somewhat a r b i t r a r y ,  t h i s  i s  n o t  a t  all 
u n r e a s o n a b l e ;  i t  means t h a t  t h e  maximum r a d i u s  o f  c u r v a t u r e  
o f  a ( s p h e r i c a l  c a p )  bubb le  must  n o t  be D e r m i t t e d  t o  e x c e e d  
2 0 %  of t h e  p a t h  l e n g t h ,  and t h u s ,  more s i g n i f i c a n t l y ,  t h a t  
t h e  maximum b u b b l e  t h i c k n e s s  mus t  be  l ess  t h a n  7 . 6 9 %  of  
t h e  p a t h  l e n g t h .  I n  o t h e r  w o r d s ,  w e  had  b e t t e r  a l low room 
f o r  a t  l e a s t  1 0  b u b b l e s  per  c h a n n e l  a t  a n y  i n s t a n t .  T h i s  
i s  o n l y  a b o u t  one  o r d e r  o f  m a g n i t u d e  below t h e  D o i n t  a t  which  
w e  have  g a s  j e t s  r a t h e r  t h a n  b u b b l e  streams i n  t h e  core .  
14oreover ,  as w e  w i l l  see l a t e r ,  i n  t h e  r a n g e  of p r a c t i c a l  
i n t e r e s t  t h e  maximum s i z e  b u b b l e  wh ich  c a n  b e ' Y u l l y  h e a t e d "  
t u r n s  o u t  t o  be j u s t  a b o u t  K i / 5 .  
.'. 
T h e r e  i s  a n  a d d i t i o n a l  c r i t e r i o n  which  must  be  
s a t i s f i e d :  The s t ress  (r on t h e  s o l i d  w a l l  of a f u e l  
e l e m e n t  due  t o  t h e  c e n t r i f u g a l  fo rce  upon t h e  f u e l  mus t  
be k e p t  be low some d e f i n i t e  v a l u e  rmax which i s c h a r a c t e r i s t i c  
of t h e  w a l l  mater ia l .  S i n c e  t h e  f u e l  e l e m e n t  wal ls  are  
assumed t o  c o n s i s t  of ZrC a n d  are c o o l e d  by t r a n s p i r a t i o n  
of r e l a t i v e l y  c o l d  hydrogen  g a s ,  i t  a p p e a r s  r e a s o n a b l e  t o  
p o s t u l a t e  t h a t  
2 e 1 0 , 0 0 0  p s i  = 6 . 9 0  x l o 8  d y n e s / c m .  ( 1 5 2 )  c m a x  
T h i s  i s  p r o b a b l y  a s l i g h t l y  c o n s e r v a t i v e  v a l u e .  The mean 
c e n t r i f u c a l  a c c e l e r a t i o n  is  
= 0.8178 
%l 0 1  
s i n c e  E!, = 0.63565 g o ,  Thus w e  s e t  i 
( 1 5 3 )  
where  u s e  h a s  been  made of Los .  ( 6 6 1 ,  ( 9 6 1 ,  a n d  ( 1 1 8 ) .  
s o l v i n y  f o r  , w e  o b t a i n  
rnax 
= 52.9 H i i d ,  
Tl&X 
- m O  ( 1 5 5 )  
i l ence ,  f o r  c o r e  matr ices  1, 2 a n d  3 w e  h a v e ,  r e s p e c t i v e l y ,  
( 1 5 6 )  5 = 3 . 8 9  x 1 0 ,  
max 1 (a0 
( 1 5 7 )  5 1 = 1 .37  x 1 0 ,  
Omax 2 
(X 
( 1 5 8 )  4 1 = 4 . 4 0  x 1 0  , 
max 3 (no 
The f o r b i d d e n  z o n e s  where 71, a p p e a r  as d o t t e d  
p o r t i o n s  on  t he  l e f t - h a n d  s i d e  o f  t h e  c u r v e s  i n  F i s u r e s  11 
max 
a n d  1 2 .  The two p r i n c i p a l  c o n s i d e r a t i o m o n  w h i c h  t o  b a s e  a 
d e s i g n - p o i n t  s e l e c t i o n  are as fo l lows:  
A. The r o t a t i o n  f r e q u e n c y  must  be as l o w  as  p o s s i b l e .  
I n d e e d ,  t h e  n e c e s s i t y  f o r  a n y  "clockwork" a t  a l l  
i n s i d e  t h e  core i s  bad  e n o u g h ,  b u t  t h e  m e c h a n i c a l  
p r o b l e m s  must  c e r t a i n l y  be k e p t  t o  a minimum. 
( I t  i s  i m p o r t a n t ,  however ,  n o t  t o  e x a p q e r a t e  t h i s  
p r o b l e m ;  t h e  outer  s u r f a c e s  of t h e  s o l i d  moving 
p a r t s  a re  r e l a t i v e l y  cool ,  so t h e  e n g i n e e r i n g  
d i f f i c u l t i e s  which may be e n c o u n t e r e d  w i l l  more 
c l o s e l y  r e s e m b l e  t h o s e  of a motor t h a n  those  of a 
t u r b i n e ) .  A l l  t h i s  p r e s u p p o s e s ,  of c o u r s e ,  t h a t  
c e n t r i f u g a t i o n  of t h e  f u e l  is a c h i e v e d  by t h e  
s t r a i g h t f o r w a r d  means of d r i v i n g  the e n t i r e  a r r a y  
of f u e l  e l e m e n t s  as a t r a i n  of t u b u l a r  gears.  
However,  a t  l e a s t  two o t h e r  schernes are c o n c e i v a b l e ,  
v i z . ,  t a n g e n t i a l  g a s  i n j e c t i o n  t o  d r i v e  each 
f u e l  a n n u l u s  and a n  a r r a n g e m e n t  of crossed e l e c t r i c  
and  m a g n e t i c  f i e l d s  r e s e m b l i n g  a homopolar  n o t o r  
whose armature is t h e  l i q u i d  f u e l  i t s e l f .  The f o r m e r  
e n t a i l s  v e r y  t r i c k y  f a b r i c a t i o n  p r o b l e m s ,  b u t  o the r -  
w i s e  seems q u i t e  f e a s i b l e ,  and  t h e  l a t t e r  s u f f e r s  
from a h o s t  of s e r i o u s  p r o b l e m s ,  c h i e f  of w h i c h  
i n v o l v e  t h e  e l e c t r i c a l  power r e q u i r e m e n t  a n d  t h e  
i n t r o d u c t i o n  i n t o  t h e  a x i a l  r e q i o n  of each f u e l  
e l e m e n t  a v a p o r  j e t  o r  p l a s m a  j e t  e lec t rode  ( a  s o l i d  
o n e  would o f  c o u r s e  d e f e a t  t h e  whole p u r p o s e  of a 
- 4 0  - 
l i q u i d  core reactor)  . 
B. The b u b b l e  s i ze  s h o u l d  be smaller t h a n  t h a t  a t  
which  hydrodynamic i n s t a b i l i t i e s  ( l e a d i n g  t o  
b r e a k u p )  se t  i n .  T h i s  c r i t i c a l  s i z e  d e p e n d s  on 
g a n d  w i l l  be  estimated below. 
On t h e  b a s i s  of  t h e s e  q u a l i t a t i v e  c o n s i d e r a t i o n s  
l e t  u s  t e n t a t i v e l y  s i n g l e  o u t  f o r  f u r t h e r  i n v e s t i g a t i o n  t h e  
f o l l o w i n g  model  s y s t e m  ( r e p r e s e n t e d  as a s m a l l  c i r c l e  i n  
F i g u r e  11 a n d  i n  F i g u r e  12): 
N = 1 0 1 7  (Case 2 1 ,  
Ki = 2.5408 c m ,  
(159) 
( 1 6 0 )  
R: = 1.4567 c m ,  ( 1 6 1 )  
(Case B) ,  ( 1 6 2 )  
7 F = 5 x 1 0  ,qm = 1 1 0 , 2 5 0  lb, 
r .  1 = 0 . 2  c m ,  (163) 
azo = 1 2 4 3 ,  (164) 
( 1 6 5 )  2 Go = 1 . 2 2  x l o 6  cm/sec 
= 88.0 r e v / s e c  = 5280 r e v / m i n , ( l 6 6 )  
I 
F. C o n d i t i o n s  A t  Bubble  I n j e c t i o n  
L e t  u s  now c o n s i d e r  s t a t i o n  0. B e f o r e  w e  c a n  
i t  i s  n e c e s s a r y  t o  know T . S t r i c t l y  c a l c u l c t e  p a n d  yo, 
0 0 
s p e a k i n g ,  T must  b e  d e t e r m i n e d  from h e a t  t r a n s f e r  
c o n s i d e r a t i o n s .  I n  n a r t i c u l a r ,  i f  it i s  assumed t h a t  t h e  
?as e n t e r s  t h e  p o r o u s  wall of t h e  f u e l e l e m e n t  a t  s l i g h t l y  
0 
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above  t h e  c r i t i c a l  t e m p e r a t u r e  ( e . q . ,  a t  a b o u t  50'K) o r  
a t  some h i g h e r  t e m p e r a t u r e  t o  which  it h a s  been  "Dre -hea ted"  
by gamma r a d i a t i o n  and  c o n d u c t i o n  d u r i n g  t h e  t i m e  it t a k e s  
t o  f l o w  from t h e  v i c i n i t y  t o  t h e  pumn t o  t h e  D r e - i n j e c t i o n  
m a n i f o l d ,  t h e n  t h e  t e m p e r a t u r e  r i se  across t h e  w a l l  may 
e a s i l y  be c a l c u l a t e d ,  s i n c e  t h e  f l o w  ra te  i s  f i x e d  bv t h e  
t h r u s t  r e a u i r e m e n t .  I n  P a r a g r a p h  E of S e c t i o n  111, however ,  
wehave  assumed ( p e n d i n g  a t h e r m a l  s t ress  a n a l y s i s )  t h a t  t h e  
w a l l  t h i c k n e s s ,  t ,  i s  g i v e n  by Eq .  ( 7 9 ) .  
on t (among o t h e r  t h i n g s ) ,  w e  mus t  d e f e r  c a l c u l a t i o n  of t h e  
former u n t i l  a f t e r  w e  have a c t u a l l y  c a l c u l a t e d  t h e  l a t t e r .  
?or t h e  t i n e  b e i n q  ( a n d  s u b j e c t  t o  l a t e r  r e - e x a m i n a t i o n ) ,  
l e t  u s  t h e r e f o r e  p o s t u l a t e  t h e  f o l l o w i n g  a rb i t r a rv  v a l u e :  
= 8OO0K, ( 1 6 7 )  
S i n c e  T 0 deDends 
0 
J e  a l r e a d v  know e v e r v t h i n q  a b o u t  a s i n q l e  b u b b l e  
a r e  q i v e n  by Ecls .  ( 9 8 1 ,  ( 9 7 1 ,  
3Je 
Pi 
PO) P o  0 
T .  a n d  
P i s  1 
a t  s t a t i o n  i: 
and (1411, r e s n e c t i v e l v ,  a n d  ri i s  q i v e n  by L C I .  (163) . 
and r . By t h e  t i m e  a b u b b l e  reaches must  now f i n d  
t h e  i n n e r  s u r f a c e  of t h e  f u e l  a n n u l u s ,  i t  has a l r e a d y  u n d e r -  
gone c o n s i d e r a b l e  e x p a n s i o n .  T h i s  e x n a n s i o n  i s  d u e  t o  t h e  
t e n w r a t u r e  i n c r e a s e  as t h e  b u b b l e  " z s c e n d s " ,  and  a l s o  t o  
t h e  d e c r e a s e  i n  h y d r o s t z t i c  p r e s s u r e  due  t o  t h e  c e n t r i f u g z l  
f i e l d .  N e g l e c t i n g  t h e  h y d r o s t a t i c  p r e s s u r e  d r o p  across 
t h e  r a d i u s  o f  t h e  c e n t r a l  gas  c a v i t y  a n d  a s suming  t h e  
l i q u i d  f u e l  d e n s i t y  t o  be u n i f o r m  ( b o t h  good a s s u m n t i o n s ) ,  
w e  see t h a t  
where 
t 
where /# 
( i . e . ,  i n c l u d i n q  t h e  bubble p o p u l a t i o n ) .  
. d e n s i t y  i s  n e q l i p i b l e  compared w i t h  t h e  f u e l  d e n s i t y ,  it 
i s  t h e  e f f e c t i v e  d e n s i t y  of t h e  l i q u i d  f u e l  
S i n c e  t h e  g a s  
f o l l o w s  t h a t  
( 1 7 0 )  
3 = (1 -7/;,)pf = 5 .730  g m l c m ,  
where u s e  has been  made of  E q s .  ( 6 5 )  a n d  ( 1 1 2 ) .  N o t i n g  
t h a t  gi = (Ri/Ko>go and  s u b s t i t u t i n g  E q s .  (1161, ( 1 7 0 1 ,  
( 1 6 5 1 ,  (118) and  ( 1 2 0 )  i n t o  E q .  ( 1 6 9 1 ,  w e  o b t a i n  
y h  = 8.35  x lo6 dynes/crn2 = 8 . 2  atm. (171) 
>dote t h a t  t h e  " e f f e c t i v e "  a c c e l e r a t i o n ,  d e f i n e d  as 
i s  i d e n t i c a l  w i t h  t h e  mean a c c e l e r a t i o n  g i v e n  by Eq.  
(1531, v i z . ,  
I 
I 
( 1 7 3 )  2 = 9.98 x l o 5  cn/sec gm 
S u b s t i t u t i n q  E q .  ( 9 8 )  a n d  (171) i n t o  Ea. ( 1 6 8 )  q i v e s  
( 1 7 4 )  7 = 1.848 x 1 0  dynes /cm2 = 18 .2  a t m  = 267.5 p s i  
PO 
T h i s  i s  a m o d e r a t e l y  h i g h  p r e s s u r e  for a t w e l v e  foo t  
d i a m e t e r  s t r u 2 t u r e  t o  b e  c a p a b l e  of w i t h s t a n d i n , ? .  R e c a l l i n g ,  
however ,  t h a t  t h e  p r e s s u r e  s h e l l ,  wh ich  i s  c o n s i d e r e d  t o  b e  
i d e n t i c a l  w i t h  t h e  b e r y l l i u m  r e f l e c t o r ,  i s  2 1  c m  ( =  8 . 2 6 ” )  
t h i c k ,  it i s  r e a d i l y  s e e n  t h a t  t h e  s t ress  i s  q u i t e  t o l e r a b l e .  
From t h e  p e r f e c t  qas l a w  w e  may now o b t a i n  PO 
Hakine  u s e  of  C q s .  (167) a n d  (174) a n d  n o t i n q  t h a t  for t h e  
~ 
cool g a s  “& = 2 . 0 1 6  a .m.u . ,  w e  h a v e  I 
3 P o r n  0 = 5.596 x gm/cm ( 1 7 5 )  
Thus w e  see t h a t  I 
* O  
so 
- 2  r = r i / 2 . 3 8  = 8,405 x 1 0  c m .  
0 
(177) 
I S u b s t i t u t i n g  L q s .  ( 1 6 5 )  a n d  (177) i n t o  C a ,  ( 1 2 2 )  
g i v e s  
= 2 6 3  cm/sec.  
uO 
S i m i l a r l y ,  we f i n d  t h a t  
u = 2 4 - 3 ;  = 262 cm/sec 
O 5  
(178) 
(179) 
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G .  Bubble  P o p u l a t i o n  a n d  Wall P o r o s i t y  
S u b s t i t u t i n g  E q s ,  (1791, ( 1 3 5 )  a n d  ( 1 6 3 )  i n t o  
E q .  ( 1 3 8 )  g i v e s  t h e  b u b b l e  f r e q u e n c y  as 
-1 8 = 2847 sec , 
But 4 i s  a c o n s t a n t  and t h e r e f o r e  also g i v e n  by 
U 
0 q =  -
,rad 
0 
( 1 8 0 )  
r a d  S u b s t i t u t i n g  f o r  uo from E q .  (178) a n d  s o l v i n q  for s o  
w e  f i n d  
s rad = 0,0749 c m ,  
0 
T h i s  compares  w i t h  
S rad = 0.0922 cm, i 
( 1 8 2 )  
( 1 8 3 )  
where u s e  h a s  been  made of E q s .  ( 1 6 3 )  a n d  ( 1 3 5 ) .  
S u b s t i t u t i n q  E q .  ( 1 6 3 )  i n t o  E q s .  ( 1 3 2 )  a n d  ( 1 3 4 1 ,  
w e  f i n d  t h a t  
s .  lat = 0 , 3 1 7  c m  ( 1 8 4 )  
1 
5 lat = 0.499 c m  ( 1 8 5 )  
0 .. .. 
T h e  l a t e r a l  s p a c i n y  v a r i e s  l i n e a r l y  w i t h  R , b u t  t h e  r a d i a l  
s p a c i n g  v a r i e s  as (R r)1’2; r i n  t u r n  v a r i e s  as P-l’ 
p i t s e l f  d e p e n d s  on two t h i n g s :  t h e  l o c a l  h y d r o s t a t i c  
p r e s s u r e  ( a s  d e t e r m i n e d  from a n  e q u a t i o n  s i m i l a r  t o  E a ,  ( 1 6 9 1 ,  
s i n c e  p, i s  n o n - u n i f o r n ) ,  and  a l s o  t h e  l o c z l  t e m e r a t u r e ,  which  
has n o t  y e t  b e e n  c a l c u l a t e d .  Tne s i m p l e s t  t h i n g  t o  do i n  
a s i t u a t i o n  l i k e  t h i s  i s  t o  r e p l a c e  t h e  a c t u a l  srad- v a r i a t i o n  
b u t  
by a c o n s t a n t  e q u a l  t o  t h e  a r i t h m e t i c  mean of  t h e  e x t r e m e  
- 4 5 -  * 
v a l u e s .  F o r t u i t o u s l y ,  t h e s e  extreme v a l u e s ,  g i v e n  by E q s .  
( 1 8 2 )  and  (1831, are q u i t e  close t o g e t h e r ,  so  o u r  
s i m p l i f i c a t i o n  d o e s  n o t  i n t r o d u c e  a n y  l a r g e  e r r o r .  Thus 
w e  assume a u n i f o r m  r a d i a l  s e p a r a t i o n  t h r o u g h o u t  t h e  f u e l  
a n n u l u s  of 
s rad = 0.0836 c m ,  
!Il 
( 1 8 6 )  
de may c e r t a i n l y  do  t h e  same th ing ,  w i t h  s la t ,  s i n c e  it i s  
a l i n e a r  f u n c t i o n .  Thus w e  t a k e  
S lat = 0 . 4 0 4  c m ,  ( 1 8 7 )  m 
The a v e r a g e  number of b u b b l e s  i n h a b i t i n g  e a c h  
c h a n n e l  a t  any  i n s t a n t  i s  t h e n  j u s t  
- 
r a d  = 1 7 . 4 ,  
m S 
From Lq.  ( 1 3 9 )  w e  f i n d  t h a t  t h e r e  are 
( 1 8 8 )  
C = 80,000 ( 1 8 9 )  
c h a n n e l s  p e r  f u e l  e l e m e n t .  Hence,  a t  a n y  i n s t a n t  t h e r e  
a r e  
6 y = f c  = 1.39  x 1 0  
b u b b l e s  i n  e a c h  f u e l  e l e m e n t ,  and  
9 Y = iJy = 1 . 4 1 7  x 1 0  
b u b b l e s  i n  t h e  e n t i r e  c o r e .  
The mean volume o f  a n  i n d i v i d u a l  b u b b l e  i s  
v O  3 
v i  (1 + -1 = 1.739 x c m  J 
- vi  - -  
2 ( 1 9 2 )  
where  u s e  h a s  b e e n  made o f  E q s .  ( 1 2 7 1 ,  ( 1 6 3 )  a n d  (176). 
Thus t h e  a q g r e g a t e  b u b b l e  volume w i t h i n  a s i n g l e  f u e l  
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e l e m e n t  i s  
3 vb = v y = 2 4 2 0  c m ,  m (193) 
idow t h e  c e n t r a l  g a s  c a v i t y  h a s  a volume 
(194) 3 = n R i H  = 1 0 , 2 0 0  c m .  c a v i t y  V 
Ljut a c c o r d i n g  t o  E q s .  (115) a n d  (1161, i t  i s  n e c e s s a r y  
t h a t  
= 4 . 2 1  V b  , - 0 . 4 0 4  c a v i t y  - 0 . 0 9 5 9  "b V (199) 
by s u b s t i t u t i n y  E?.  ( 1 9 3 )  i n t o  Ea.  (199) i t  i s  immedi .a te lv  
v e r i f i e d  t h a t ,  t o  w i t h i n  t h e  a c c u r a c v  of t h e  f o r e q o i n g  
c a l c u l a t i o n s ,  La.. ( 1 ' 3 4 )  does i n d e e d  a q r e e  w i t h  Ea. (199). 
I t  w a s  i n  o r d e r  t o  e n s u r e  t h i s  a q r e e m e n t  t h a t  w e  have  
S D e c i f i e d  t h e  p a r t i c u l a r  v a l u e  o f  & Riven  by Ea. ( 1 1 2 ) .  
i t  would be i n t e r e s t i n g  t o  know t h e  s i z e  o f  t h e  
o r i f i c e s  a t  which  t h e  b u b b l e s  are f o r n e d  a n d  a l s o  t h e  wal l  
D o r o s i t y .  I n  o r d e r  t o  c a l c u l a t e  t h e s z  a u a n t i t i e s ,  however ,  
i t  i s  n e c e s s a r y  f i r s t  t o  know s u c h  t h i n g s  as t h e  s u r f a c e  
t e n s i o n  a n d  v i s c o s i t y ]  of t h e  l i q u i d  f u e l  a t  t h e  p a r t i c u l a r  
t e m p e r a t u r e  p r e v a i l i n E  a t  i n j e c t i o n ,  as wel l  a s  t h e  
r e l e v a n t  " b u b b l e  f o r n a t i o n  r eg ime"  ( t h e  D a r t i c u l a r  r e l z t i o p s h i D  
be tween b u b b l e  s i z e  a n d  o r i f i c e  s i z e  deDends on  t h e  ranrre 
i n  which  8 l i e s ) .  S i n c e  da t a  of t h i s  s o r t  a r e  u n a v a i l a b l e  
a t  t h e  p r e s e n t  t i m e ,  i t  seems n o t  u n r e a s o n a b l e  t o  D o s t u l a t e  
a r b i t r a r i l y  t h a t ,  a t  t h e  i n s t a n t  a b u b b l e  b r e a k s  awav 
from t h e  o r i f i c e ,  i t s  d i a m t e r  i s  j u s t  tw ice  t h a t  o f  t h e  
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or i f i ce .  
" d i a m e t e r "  ( i . e . ,  l a t e r a l  w i d t h )  a t  t h e  i n s t a n t  of 
b r e a k o f f ,  t h e n  
T h a t  i s ,  we a s s u m e  t h a t ,  i f  do  i s  t h e  b u b b l e  
f :  
Then t h e  w a l l  
n =  
r s i n  
r = 2 .  ( 2 0 0 )  
- 0   
o r i f i c e  i f i c e  
p o r o s i t y  ( b a s e d  on  i t s  i n n e r  s u r f a c e )  i s  
r ( r o s i n e ) 2  c r2 s i n 2  5 2 O  C 
= .- 
2 7 r K o H f 2  f2 0 
0 . 0 2 1 8 ,  ( 2 0 1 )  
TakinR i n t o  a c c o u n t  t h e  f - f a c t o r  g i v e n  by 
E q .  ( 2 0 0 1 ,  w e  see t h a t  e a c h  o r i f i c e  i n  t h e  f u e l  e l e m e n t  
w a l l  mus t  have  a d i a m e t e r  
= r s i n  52' = 6.623 x c m  d o r i f i c e  0 
= 0 .0331" .  ( 2 0 2 )  
Accord ing  t o  E a .  (1391, t h e r e  a r e  
= 6 . 3 4  ( 2 0 3 )  
0 
7i 
h o l e s  p e r  s q u a r e  c e n t i m e t e r  o f  w a l l  ( i n n e r )  s u r f a c e ,  which  
means t h a t  t h e  h o l e s  a re  s p a c e d  a b o u t  0 . 4  c m  a D a r t .  Thus 
t h e  f a b r i c a t i o n  o f  e a c h  f u e l  e l e m e n t  e n t a i l s  d r i l l i n g  some 
8 0 , 0 0 0  h o l e s  of 33 m i l  d i a m e t e r  t h r o u g h  a Z r C  t u b e  whose 
w a l l  t h i c k n e s s  i s  a b o u t  h a l f  a c e n t i m e t e r .  T h i s  t a s k  d o e s  
n o t  seem t o  be  u n r e a s o n a b l e .  
. 
D e f i n i n g  u as t h e  a r i t h m e t i c  mean of uo  and m 
u w e  see t h a t  t h e  a v e r a g e  r e s i d e n c e  t i m e ,  % ,  of a b u b b l e  i’ 
w i t h i n  t h e  f u e l  a n n u l u s  i s  .’. .. 
1.456 - 3  -= 6 . 1 2  x 1 0  sec. ( 2 0 4 )  K-- 
‘rn 
0 -  
2 3 8  
- - z =  
We n e x t  a d d r e s s  o u r s e l v e s  t o  t h e  q u e s t i o n :  Can 
w e  i n d e e d  a t t a i n  t h e  r e q u i s i t e  t e m p e r a t u r e  r i s e  i n  t h e  
i n t e r i o r  of a b u b b l e  w i t h i n  6 . 1 2  m i l l i s e c o n d s ?  
H.  Heat T r a n s f e r :  C o n d u c t i o n  To The I n t e r i o r  of a Bubble  
I n  o rder  t o  a s c e r t a i n  w n e t h e r  o r  n o t  t e m p e r a t u r e  
e q u i l i b r a t i o n  ( b e t w e e n  t h e  b u b b l i n g  g a s  and t h e  a m b i e n t  
l i q u i d  f u e l )  i s  p o s s i b l e  i n  t h e  t i m e  a v a i l a b l e ,  i t  i s  
n e c e s s a r y  t o  make a number of s i m p l i f y i n g  a s s u m p t i o n s ,  f o r  
o t h e r w i s e  t h e  a n a l y s i s  would become t o o  u n w i e l d y .  However,  
i n s o f a r  1 s  i t  i s  p r a c t i c a l  t o  do s o ,  w e  w i l l  e n d e a v o r  t o  
a v o i d  o p t i m i s t i c  a s s u m p t i o n s .  F i r s t ,  l e t  u s  t a k e  t he  s h a p e  
of a b u b b l e  t o  be a s p h e r e  of r a d i u s  a f re,  g i v e n  by 
E q .  (131). S e c o n d l y ,  w e  w i l l  n e g l e c t  t h e  h e a t  c o n v e c t i o n  
d u e  t o  i n t e r n a l  g a s  c i r c u l a t i o n ,  e v e n  t h o u g h  t h e  v o r t i c i t y  
i s  r e a l l y  n o t  n e q l i q i b l e .  T h i r d l y ,  w e  assume t h a t  t h e  
l i q u i d  f u e l  a n n u l u s  h z s  a u n i f o r m  t e m p e r a t u r e  o f  
.’. .. 
Ti = 4300°K, ( 2 0 5 )  
-1. ,. 
See  F o o t n o t e  on page  5. 
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i n t e r r e l a t e d  ( b u t  s i m p l i f i e d )  t i m e - d e p e n d e n t  p r o b l e m s  o f  
A n o t h e r  s i m p l i f i c a t i o n  i s  t h e  f o l l o w i n g :  We 
.'. 
w i l l  d i v i d e  t h e  maximum f u e l  d e p t h  R i  i n t o  f o u r  e q u a l  
s e g m e n t s .  Cach b u b b l e  s u c c e s s i v e l y  t r a v e r s e s  t h e  
c o r r e s p o n d i n g  f o u r  c o n c e n t r i c  r e q i o n s .  D e f i n i n g  /as 
t h e  r a d i a l  d i s t a n c e  measured  i n w a r d  from s t a t i o n  0, t h e n  
t h e  f o u r  r e g i o n s  a re  d e s i g n a t e d  as fo l lows:  
Reqion  0 1 :  dounded by Ro = 01 and K1 
( A 4 = K:/4 = 0.364 c m ) ,  
~ o u n d e d  bv Z1 and  R 2  ( A =  d = i i " / 2  = 9 . 7 2 8  c m ) ,  
hounded by K 2  and K 3  ( A =  L3=R:/4 = 1 . 0 9 3  c m ) ,  
iiounded bv ii3 2nd R 4  = R" ( A  = L4=R;= 1 . 4 5 7  cm). 
.'. 
r iegion 1 2 :  
Region 23: 
Region 34: 
Ilidwav be tween t h e  b o u n d a r i e s  of e a c h  r e g i o n  l i e  t h e  
2 0  .'. 
-9. 
0 
su r faces :  I 
A = P = 0 . 1 8 2  c m ,  
a. = A,, = 0 . 5 4 6  c m ,  
01 
A = A,, = 0.910 cm, 
( 2 0 9 )  A = /4-34 = 1 . 2 7 5  c m .  
Yater ia ls  g r o p e r t i e s  e v a l u a t e d  a t  e a c h  of t h e s e  s u r f a c e s  
( a n d  d e n o t e d  b y  t h e  c o r r e s p o n d i n z  s u b s c r i p t s ,  i(i+l), where 
j = 0,  1, 2 ,  3 )  w i l l  be assumed t o  a p p l y  u n i f o r n l y  t n r o u z h o u t  
t h e  r e s p e c t i v e  Region  j(j+l). 
The e n t i r e  problern i s  t h u s  r e d u c e d  t o  f o u r  
t e m p e r a t u r e  and  t h e  g a s  t e m p e r a t u r e  a t  i n j e c t i o n ,  as w e l l  
- 5 0  - 
as  t h e  time f o r  t r a v e r s a l  of Kegion 0 1 ,  w e  c a l cu la t e  t h e  
t e m p e r a t u r e  a t  t h e  c e n t e r  of  a b u b b l e  a t  t h e  end  of t h i s  
t i m e .  'Then, t a k i n g  t h e  new c e n t e r  t e m D e r a t u r e  as a n  i n i t i a l  
t 
v a l u e ,  w e  c a l c u l a t e  t h e  cen te r  t e m p e r a t u r e  a t  t h e  i n s t a n t  
t h e  b u b b l e  e m e r g e s  from Region 1 2 ,  and  so  o n ,  u n t i l  it a r r i v e s  
a t  s t a t i o n  i. 
I t  s h o u l d  b e  n o t e d  t h a t  t h e  l i q u i d  f u e l  t e m D e r a t u r e  
i s  assumed t o  be a l w a y s  t h e  same as t h a t  a t  t h e  s u r f a c e  of 
e v e r y  b u b b l e .  I n  o t h e r  words,  w e  i q n o r e  h e r e  t h e  q u e s t i o n  
o f  h e a t  t r a n s f e r  across t h e  t h e r n a l  boundary  l a y e r  of 
a b u b b l e .  T h i s  mat te r  r e q u i r e s  f u r t h e r  i n v e s t i q a t i o n  and 
w i l l  be c o n s i d e r e d  s e p a r a t e l y  b e l o w .  
L e t  
2 i t i m e ,  ( 2 1 0 )  
a 
r v a r i a b l e  r a d i a l  d i s t a n c e  f rom 
: re = r a d i u s  of s p h e r i c a l  bubble,(211) 
t h e  c e n t e r  o f  a s p h e r i c a l  
b u b b l e ,  ( 2 1 2 )  
z t h e r m a l  d i f f u s i v i t y  of t h e  gas, ( 2 1 3 )  
- i n i t i a l ,  where 
fl l ' i n t e r i o r  T c e n t e r  
( r , 7 ) ,  ( 2 1 4 )  ' i n t e r i o r  = T i n t e r  i o r  
i n i t i a l  - VI 2 Tcenter T c e n t e r  ( 2 1 5 )  
( 2 1 6 )  
i n i t i a l  \ I =  - - ' ' surface T c e n t e r  
The s o l u t i o n  of t h e  heat  c o n d u c t i o n  e q u a t i o n  u n d e r  
t h e  p e r t i n e n t  b o u n d a r v  c o n d i t i o n s  i s  g i v e n  by Carslaw a n d  
~ 
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J a e g e r  (10) as:  
V v * 
where  e r f c  i s  t h e  complementary  e r r o r  f u n c t i o n :  
r -  
cc i s  g i v e n  by t h e  l i m i t  as r.--)O of Eq .  ( 2 1 7 ) :  
n =a ( 2 1 9 )  
F i g u r e  1 3  p r e s e n t s  a p l o t  of q / V  V S .  &=/a2,  as computed 
f rom E q .  ( 2 1 9 ) .  
We b e g i n  our " f o u r  r e g i o n  c a l c u l a t i o n "  as f o l l o w s :  
-1. 
The ac tua l  v a r i a t i o n  of U w i t h  R'; 
v a r i a t i o n ,  as may r e a d i l y  be s e e n  by comDarison of E q s .  (178) 
a n d  ( 1 7 9 1 , i - s  r e p l a c e d  by a l i n e a r  f u n c t i o n  o f b :  
which  i s  n o t  a s t r o n g  
u = 213.47 + 33.69 s cm/sec, ( 2 2 0 )  
. 
T h i s  i n t r o d u c e s  o n l y  r e l a t i v e l y  small e r ro r s  b u t  v a s t l y  
s i m p l i f i e s  t h e  c o m p u t a t i o n a l  p r o c e d u r e .  Thus w e  h a v e :  
= 2 1 9 . 6  cm/sec, 
= 2 3 1 . 9  cm/sec, 
= 244.1 cm/sec, 
u o l  
1 2  U 
2 3  
U 
( 2 2 1 )  
( 2 2 2 )  
( 2 2 3 )  
= 2 5 6 . 5  cm/sec, ( 2 2 4 )  34 
The c o r r e s p o n d i n g  t r a v e r s a l  times are g i v e n  by 
Thus 
( 2 2 6 )  = 1.658 x sec 
= 1 . 5 7 0  x sec, ( 2 2 7 )  
= 1 . 4 9 2  x sec,  ( 2 2 8 )  
= 1 . 4 2 0  x s e c ,  ( 2 2 9 )  
J 01 
= 1 2  
=34 
T23 
The t i m e  f o r  t r a v e r s a l  of t h e  e n t i r e  a n n u l u s  a d d s  up t o  
= 6 , 1 4 0  x sec.  ( 2 3 0 )  T o t  
I n  o r d e r  t o  c i r c u m v e n t  a t e d i o u s  i t e r a t i o n  p r o c e d u r e ,  
w e  now i n t r o d u c e  a n  a d d i t i o n a l  s i m p l i f y i n g  a s s u m p t i o n :  We 
p o s t u l a t e  t h a t  t h e  c e n t e r  t e m p e r a t u r e  i n c r e a s e s  l i n e a r l y  
w i t h  A, f rom To = 800°K t o  Ti = 4300°K, a c c o r d i n g  t o  t h e  
f o r m u l a :  
. 
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T = 800 + 2402 ,,&. ( 2 3 1 )  
A s  w e  w i l l  see l a t e r ,  t h i s  i s  a ra ther  p e s s i m i s t i c  a s s u m p t i o n .  
(The  " a c t u a l "  t e m p e r a t u r e  w i l l  t u r n  o u t  t o  b e  g r e a t e r  t h a n  
t h a t  g i v e n  by Eq.  ( 2 3 1 )  a t  e v e r y  p o i n t  a l o n g  t h e  b u b b l e  
p a t h ) .  N e v e r t h e l e s s ,  a s suming  t h i s  c o n s e r v a t i v e  t e m p e r a t u r e  
l a w ,  w e  h a v e :  
T O 1  = 1237'K, ( 2 3 2 )  
T12 = 2 1 1 Z ° K ,  
T23  = 2987OK, 
= 386Z°K . T34 
( 2 3 3 )  
( 2 3 4 )  
( 2 3 5 )  
The h y d r o s t a t i c  p r e s s u r e  due  t o  c e n t r i f u g a l  
a c c e l e r a t i o n  of t h e  f u e l  var ies ,  of course, w i t h  p o s i t i o n .  
I t  i s  g i v e n  by 
P R3-A 
I r 7 
The l o c a l  p r e s s u r e  is t h e n  
P = P i + ? h .  ( 2 3 7 )  
I n  t h i s  manner  w e  f i n d  t h a t  
7 2 
7 2 
7 2 
7 2 
= 1 . 7 2 3  x 1 0  dynes / cm = 2 5 0  D s i , ( 2 3 8 )  
dynes/cm = 2 1 6  p s i , ( 2 3 9 )  
dynes /cm = 186 p s i , ( 2 4 0 )  
dynes / cm = 159  p s i , ( 2 4 1 )  
P o 1  
D~~ = 1 . 4 9 1  x 1 0  
p 2 3  = 1.282 x 1 0  
p34  = 1.097 x 1 0  
The n e x t  t h i n g  we must  know i s  t h e  m o l e c u l a r  mass 
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c o r r e s p o n d i n q  t o  each of  t h e  f o u r  s e t s  of t e m p e r a t u r e s  a n d  
p r e s s u r e s .  For t h i s  w e  r e f e r  t o  F i g u r e  1 0  of t h e  T e c h n i c a l  
Note by C.  R. King ( 4 ) .  We f i n d  t h a t  
= m12 = 2.016 a.m.u., 3 0 1  ( 2 4 2 )  
m2  3 = 1.97  a .m.u . ,  ( 2 4 3 )  
m34 = 1 .695  a.m.u. ( 2 4 4 )  
From t h e  p e r f e c t  q a s  l a w  w e  may now d e t e r m i n e  
t h e  d e n s i t i e s .  The r e s u l t s  a re :  
3 P" 1 = 3.375 x qm/cm, 
3 /Ol2 = 1 . 7 0 9  x R m / c m ,  
3 y23 = 1.017 x e m / c m  I 
/334 = 5.78  x p ; m / c m  . 3 
; l o w ,  t h e  r a d i i  of c u r v a t u r e  of s p h e r i c a l  cay b u b b l e s  are 
d e t e r m i n e d  from t h e  r e l a t i o n :  
w h e r e  Po and ro a re  g i v e n  bv E q s .  ( 1 7 5 )  a n d  ( 1 7 7 1 ,  
r e s p e c t i v e l y .  T h u s ,  by v i r t u e  of E?. ( 1 3 1 1 ,  t h e  r a d i i  
of t h e  e q u i v a l e n t  s p h e r i c a l  b u b b l e s  a re  g i v e n  by 
a z r = 0.4589 ro e 
From Ea.. ( 2 5 0 )  w e  f i n d :  
= 4.565 x c m ,  
- 5.725 x c m ,  
0 1  
1 2  - 
a 
a 
= 6.804 x lo-' c m ,  a 2  3 
a 34 = 8.210 x c m .  
( 2 5 0 )  
( 2 5 1 )  
( 2 5 2 )  
( 2 5 3 )  
( 2 5 4 )  
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From Figure 2 of Kine's paper ( 4 )  we find: 
r 
= 4.0 cal/qm - 0 K )  
CDO 1 
= 4.5 cal/gm - 0 K) C 
p12 
0 = 8.0 cal/gm - K, 
" 2  3 
0 
K, C = 23.2 cal/gm - p 3 4  
(255) 
(256) 
( 2 5 7 )  
(258) 
and from F i g u r e  10 of King's paper ( 4 )  we determine the 
thermal conductivities: 
( 2 5 9 )  
k12 = 1.8 x cal/sec-cm-OK, (260) 
0 = 1.0 x cal/sec-cm- K, kg 1 
(261) 
(262) 
k23 = 3.8 x loe3 cal/sec-cm- 0 K ,  
= 11,4 x callsec-cm- 0 K , 
k34 
Combining the foregoing data, we obtain values 
f o r  the parameter 
as follows: 
= 0 . 5 9 0 ,  2 ( d ~ / a  I O 1  
= 1.122, 
( At/a2)23 = 1.503 ~ 
( & - / a  ) 2 4  = 1 . 7 9 1 ,  2 
Corresponding to these v a l u e s  we find from Fiqure 1 3 :  
._ 
( ecmol = 0.9944, ( 2 6 8 )  
(yl? F)2yp)34 = 1 . 0 0 0 0 ,  ( 2 6 9 )  
Thus ,  by t h e  time a b u b b l e  h a s  t raversed  
Region  0 1 ,  i t s  c e n t e r  t e m p e r a t u r e  h a s  a l r e a d y  r e a c h e d  
= 800+(0.99wr>(4300-800) = 4280.4OK 
From E q *  ( 2 6 9 )  it i s  e v i d e n t  t h a t  a b u b b l e  a c h i e v e s  e s s e n t i a l l y  
t h e  a m b i e n t  l i q u i d  f u e l  t e m p e r a t u r e  w e l l  b e f o r e  i t  h a s  
t r a v e r s e d  Region  1 2 .  Thus w e  see t h a t  t h e r e  s h o u l d  be no  
d i f f i c u l t y  a t  a l l  i n  h e a t i n g  up t h e  g a s  i n  t h e  t ime ( o r  
p a t h  l e n g t h )  a v a i l a b l e .  Note, i n c i d e n t a l l y ,  t h a t  o u r  
e a r l i e r  claim t h a t  t h e  c e n t e r  t e m p e r a t u r e  of a b u b b l e  
rr 1 
e x c e e d s  t h a t  g i v e n  b y  L q .  ( 2 3 1 )  a t  e v e r y  p o i n t  a l o n g  i t s  
p a t h  i s  i n d e e d  v e r i f i e d .  
T h e r e  are a t  l e a s t  two f ac to r s  which  make t h e  
h e a t i n g  p r o c e s s  a n  e v e n  more e f f i c i e n t  one  t h a n  t h a t  
c o n s i d e r e d  a b o v e ,  F i r s t ,  t h e  b u b b l e s  are s p h e r i c a l  c a p s  
r a t h e r  t h a n  s p h e r e s .  The e x t r a  s u r f a c e  area s h o u l d  improve  
t h e  h e a t  t r a n s f e r  n o t i c e a b l y .  S e c o n d l y ,  t h e r e  i s  t h e  
c o n v e c t i o n  due  t o  t h e  v o r t i c i t y  of t h e  g a s  w i t h i n  e a c h  
b u b b l e .  T h i s  h a s  been  n e g l e c t e d  i n  t n e  f o r e g o i n 3  a n a l y s i s ,  
b u t  i t s  e f f e c t  s h o u l d  be v e r y  p ronounced .  Assuming t h a t  
t h e  g a s  n e a r  t h e  i n t e r f a c e  o f  a b u b b l e  moves w i t h  a v e l o c i t y  
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of t h e  same o r d e r  of magn i tude  as t h e  b u b b l e ' s  l oca l  
w€ermina l "  v e l o c i t y  (which  i s  c e r t a i n l y  t r u e ;  see e .g . ,  
Chao ( 8 1 1 ,  t h e n  it follows t h a t  d u r i n g  t h e  t i m e  a b u b b l e  
t a k e s  t o  t r a v e r s e  t he  l i q u i d ,  t h i s  o u t e r  l a y e r  of g a s  w i l l  
move a l o n g  t h e  boundary  ( a n d  a l o n g  t h e  t h i c k n e s s ,  b1 of t h e  
b u b b l e  a t o t a l  d i s t a n c e  of  t h e  o r d e r  of  Ro = 1.456 c m .  
Cut  t h i s  i s  e q u i v a l e n t  t o  many c i r c u i t s  w i t h i n  t h e  b u b b l e ,  
>k 
so  w e  c o n c l u d e  t h a t  c o n v e c t i o n  must  i n d e e d  by e x t r e m e l y  
i m p o r t a n t .  
I .  Heat T r a n s f e r  Across t h e  The rma l  Boundary L a y e r  
The n e x t  q u e s t i o n  i s  t h a t  of h e a t  t r a n s m i s s i o n  
across t h e  t h e r m a l  boundary  l a y e r .  I n  p a r t i c u l a r ,  w e  
w i s h  t o  i n o - u i r e  w h e t h e r  o r  n o t  h e a t  c a n  c ros s  t h i s  boundary  
l a y e r  a t  a r a t e  s u f f i c i e n t  t o  s u p p o r t  t h e  m a q n i t u d e  of 
i n t e r n a l  t e m p e r a t u r e  r i s e  p r e v i o u s l y  c a l c u l a t e d .  
The r e q u i r e d  r a t e  of h e a t  t r a n s f e r  i s  maximum 
i n  Region 0 1 ,  t h e  c e n t e r  t e m p e r a t u r e  r i s e  t h e r e  b e i n g  . 
= 3480.4OK (2701  T O 1  
as compared  w i t h  1 9 . 6 O K  f o r  Reqion  1 2  and  e s s e n t i a l l y  
ze ro  f o r  R e g i o n s  23 and  3 4 .  Assuming t h a t  t h e  r a t e  of 
f u e l  e v a p o r a t i o n  i n t o  a b u b b l e  i s  n e q l i g i b l e  ( a  mat te r  
which  w i l l  b e  i n v e s t i g a t e d  b e l o w ) ,  t h e  mass, m ,  of a 
b u b b l e  r e m a i n s  c o n s t a n t ,  Hence,  making u s e  of E q s .  ( 1 4 2 1 ,  
( 1 6 3 1 ,  ( 2 5 5 1 ,  (2701  a n d  ( 2 2 6 1 ,  w e  f i n d  t h a t  t h e  maximum 
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r a t e  a t  wh ich  h e a t  mus t  b e  t r a n s f e r r e d  t o  a s i n g l e  
b u b b l e  i s  
m - c  A T  - 
Qmax - Do’ = 1 . 1 3  ca l / s ec ,  ( 2 7 1 )  
To 1 
T h i s  m a g n i t u d e  i s  p e r h a p s  b e t t e r  a p p r e c i a t e d  i n t u i t i v e l y  
when e x p r e s s e d  i n  terms of a maximum h e a t  t r a n s f e r  r a t e  
per u n i t  area. S u b s t i t u t i n g  E q .  ( 1 3 1 )  i n t o  E q .  ( 1 3 0 1 ,  
w e  see t h a t  t h e  t o t a l  s u r f a c e  area of a s p h e r i c a l  c a p  
b u b b l e  i n  Region  0 1  i s  
2 cn , 2 a : a re& = 2 0 . 7 3  aO1 
Thus ,  makine  u s e  of L a .  ( 2 5 1 1 ,  w e  h a v e  
2 a = 0 ,0432  c m ,  
so 
2 = ‘ma, = 2 6 . 1 9  cal/sec-cm ? m a ,  - - a 
( 2 7 2 )  
( 2 7 3 )  
The r a t e  a t  which h e a t  i s  t r a n s f e r r e d  dcross t h e  
t h e r m a l  b o u n d a r y  l a y e r  t o  t h e  s u r f a c e  of a s p h e r i c a l  
b u b b l e  of h i y h  Reyno lds  n u m b e r  ( i . e . ,  Re), 11, h a s  been 
d e r i v e d  by S .  T. Ne l son  (11). The r e s u l t  i s  
where  d+ i s  t h e  t h e r m a l  d i f f u s i v i t y  of  t h e  l i q u i d  f u e l :  
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and  
0 
where  
and  
wh 
L 
re  i 
2 cos 9 
112 E 3 - cos + 3 ( 2 7 8 )  
r f c  i s  t h e  f i r s t  i n t e g r a l  of t h e  complemen ta ry  
e r r o r  f u n c t i o n  and  t h e  Reynolds  number,  R e ,  i s  based on 
t h e  b u b b l e  d i ame te r ,  2aO1. 
For o u r  p u r p o s e s  i t  w i l l  be s u f f i c i e n t  t o  
a p p r o x i m a t e  J by t h e  s i m p l e  e x p e d i e n t  of invok inR t h e  mean 
v a l u e  theorem of t h e  i n t e g r a l  c a l c u l u s ,  - b u t  w i t h  t h e  a c t u a l  
mean v a l u e  of t h e  i n t e g r a n d ,  
- #(e,  , r e p l a c e d  b y  i t s  v a l u e  
a t  8 = T . 
b o t h  e n d p o i n t s  of t h e  i n t e r v a l  of i n t e g r a t i o n - a n d ,  as w e  
(The  i n t e g r a n d ,  f (@, of J v a n i s h e s  a t  
w i l l  see b e l o w ,  i s  1 . 1 5  a t  * / 2 ) .  Thus  we w r i t e :  
( 2 8 0 )  
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I n  o r d e r  t o  e v a l u a t e  t h e  Reyno lds  number w e  mus t  
, o f  t h e  l i q u i d  f u e l .  Fo r  want  of - know t h e  v i s c o s i t y ,  p4 
e x p e r i m e n t a l  d a t a ,  l e t  u s  s i m p l y  assume t h a t  
n 
l ~ /  cz 10-l p o i s e .  ( 2 8 1 )  
T h i s  v a l u e  is t y p i c a l  of many f u s e d  metals and  o t h e r  l i q u i d s  
( i n c l u d i n q  water) .  I n  o r d e r  t o  p r o p e r l y  compare  t h e  v a l u e  
of Q o b t a i n e d  from E q .  ( 2 7 2 )  w i t h  t h e  v a l u e  of Omax 
g i v e n  by L q .  ( 2 7 1 1 ,  i t  is n e c e s s a r y  t o  e v a l u a t e  all t h e  
v a r i a b l e s  a t  h =  Aa1. 
a n d  ( 2 8 1 )  w e  f i n d  t h a t  
Flaking u s e  of Eqs.  ( 2 5 1 1 ,  ( 6 5 1 ,  ( 2 2 1 )  
Now 
i e r f c  0 = 0 , 5 6 4 ,  
so  t h a t  
( 2 8 3 )  
K = 6 . 4 2  x 10’~. ( 2 8 4 )  
S u b s t i t u t i o n  of t h i s  v a l u e  f o r  K and  T / 2  f o r  9 i n  Cas.  ( 2 7 7 )  
( 2 8 0 )  g i v e s  
( 2 8 5 )  J G 1 . 1 5 ~  = 3.62 
Hak ing  u s e  of E q s .  ( 2 7 6 )  a n d  ( 2 8 5 1 ,  w e  c a n  w r i t e  E q .  
a s  
( 2 3 5 )  
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C The o n l y  unknowns in  E q ,  ( 2 8 6 )  are kf a n d  o f '  S i n c e  
t h e  d i l u t i o n  r a t i o  f o r  t h e  sample  case i s  t a k e n  t o  b e  
5 0 0  ( c f .  E q ,  ( 5 8 1 1 ,  w e  may e x p e c t  t h a t  t h e  t h e r m a l  
c o n d u c t i v i t y  a n d  s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  
of t h e  f u e l  are v e r y  n e a r l y  t h e  same as t h e  r e s p e c t i v e  
v a l u e s  for p u r e  Z r C ,  The f o r m e r  i s  g i v e n  i n  t h e  
Xeactor Handbook ( 1 2 )  as 
0 kf = 4 . 9  x l o m 2  cal/sec-cm- K 
a n d  t h e  l a t t e r  i s  g i v e n  i n  t h e  J a n a f  T a b l e s  (13) 
( c o r r e s p o n d i n f l  t o  a t e m p e r a t u r e  of 4 3 0 0  1 0  as 0 
( 2 8 7 )  
( 2 8 8 )  0 = 1 5  cal /mole - K = 0.1452 ca l /qrn  - OK P f  
! lak ing  u s e  o f  t h e s e  v a l u e s ,  w e  f i n d  t h a t  
0 = 1 7 4 1  c a l / s e c .  ( 2 8 9 )  
T h i s  i s  more t h a n  t h r e e  o r d e r s  of m a q n i t u d e  g r e a t e r  t h a n  
t h e  maximum h e a t  t r a n s f e r  r a t e  needed  t o  h e a t  up t h e  i n t e r i o r  
oE t h e  b u b b l e ,  s o  w e  c o n c l u d e  t h a t  h e a t  c o n d u c t i o n  across  
t h e  t h e r m a l  boundary  l a y e r  p r e s e n t s  n o  Droblern. 
J ,  Vapor E n t r a i n n e n t  L o s s e s  
'i'he s i n g l e  most s e r i o u s  problem c o n f r o n t i n g  t h e  
f e a s i b i l i t y  of t h e  l i q u i d  c o r e  r e a c t o r  i s  t h a t  of s v e c i f i c  
i rn3u l se  d e g r a d a t i o n  ( a n d  t o  a l e s se r  e x t e n t ,  f u e l  i n v e n t o r * {  
c o s t  i n c r e a s e )  due t o  c o n t a m i n a t i o n  of t h e  hydrogen  e x h a u s t  
q a s  w i t h  h i e h - m o l e c u l a r  mass f u e l  v a p o r  ( i n c l u d i n q  t h e  
d i l u e n t  as w e l l  as t h e  f i s s i o n a b l e  m a t e r i a l ) .  I t  i s  c l e a r  
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t h a t  f u e l  w i l l  t e n d  t o  e v a p o r a t e  across t h e  s u r f a c e  of 
each g a s  b u b b l e  i n  t h e  c o r e  as wel l  as across the  i n n e r  
s u r f a c e  of e a c h  f u e l  a n n u l u s  i n  t h e  core. 
The f i r s t  q u e s t i o n  which ar ises  i s  w h e t h e r  o r  
n o t  a b u b b l e  a c h i e v e s  v a p o r  p r e s s u r e  e q u i l i b r i u m  by t h e  
t i m e  i t  c o m p l e t e s  i t s  t raversa l  of t h e  f u e l  a n n u l u s .  
T h i s  mat ter  i s  p r e s e n t l y  u n d e r  d e t a i l e d  i n v e s t i p a t i o n .  
I n  t h e  mean t ime ,  however ,  it i s  p o s s i b l e  t o  p r e d i c t  
t h e  a n s w e r  w i t h  some c o n f i d e n c e ,  based on  a s i m p l e  p h y s i c a l  
c o n s i d e r a t i o n :  The p r o c e s s e s  of heat c o n d u c t i o n  and  
mass d i f f u s i o n  obey  t h e  same mathematical r e l a t i o n s h i p ,  v i z . ,  
t h e  c lass ica l  F o u r i e r  h e a t  c o n d u c t i o n  e a u a t i o n .  I t  i s  n o t  
s u r p r i s i n E ,  t h e r e f o r e ,  t h a t  b o t h  of t hese  p r o c e s s e s  b e h a v e  
i n  t h e  same way f o r  a n y  p a r t i c u l a r  q e o m e t r y .  S i n c e  t h e  
boundarv  c o n d i t i o n s  f o r  t h e  h e a t  c o n d u c t i o n  p rob lem o f  
P a r a g r a p h  If a re  f o r m a l l v  i d e n t i c a l  w i t h  t h o s e  which  a n n l y  
t o  t h e  q u e s t i o n  of w h e t h e r  or n o t  vaDor n r e s s u r e  e q u i l i b r i u m  
c a n  be a c h i e v e d  i n  t h e  i n t e r i o r  of a b u b b l e ,  w e  e x p e c t  t h a t  
t h e  a n s w e r  t o  t h e  l a t t e r  q u e s t i o n  w i l l  be c l o s e l y  r e l a t e d  
t o  t h e  r e s u l t s  of P a r a q r a p h  I i .  I n  o t h e r  words,  i f  we 
a r r a n q e  t h i n q s  ( s u c h  as l i q u i d / p , a s  t e m p e r a t u r e  E r a d i e n t s ,  
f u e l  a n n u l u s  t h i c k n e s s  and b u b b l e  s i z e )  i n  s u c h  a way as 
t o  e n s u r e  t ha t  t h e r m a l  e a u i l i b r i u m  be tween a gas b u b b l e  
a n d  t h e  l i a u i d  medium is r e a c h e d  by t he  t i m e  t h e  b u b b l e  
e m e r g e s  f rom t h e  f u e l  a n n u l u s ,  w e  m a y  e x p e c t  t h a t  v a p o r  
p r e s s u r e  e q u i l i b r i u m  w i l l  a l s o  be r e a c h e d .  
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Under  the  a s s u m p t i o n  t h a t  v a p o r  p r e s s u r e  
e q u i l i b r i u m  e x i s t s ,  t h e  a n a l y s i s  i s  q u i t e  s i m p l e .  Recall  
t h a t  t h e  f u e l  i s  a s o l u t i o n  c o n s i s t i n g  of f i s s i o n a b l e  
mater ia l  ( U C 2 ) ,  t h e  " s o l u t e " ,  and  d i l u e n t  mater ia l  ( Z r C ) ,  
t h e  " s o l v e n t " ,  i n  t h e  r a t i o  of d moles of t h e  l a t t e r  t o  e a c h  
mole of t h e  former, I t  i s  known t h a t  ZrC d i s soc ia t e s  when 
i t  e v a p o r a t e s ,  i . e . ,  it e v a p o r a t e s  as  Zr a n d  C ,  n e v e r  as 
ZrC, 
b u t  s i n c e  data a re  s c a n t ,  l e t  u s  make t h e  s l i g h t l y  
p e s s i m i s t i c  a s s u m p t i o n  t h e  UC2 e v a p o r a t e s  w i t h o u t  any  
d i s s o c i a t i o n .  
and  Z r  and  C atoms i n  t h e  l i q u i d  p h a s e  are,  r e s p e c t i v e l y ,  
l / ( d + l ) ,  d / ( d + l )  and  d / ( d + l ) .  S i n c e  t h e  s o l u t e  a n d  s o l v e n t  
a re  b o t h  carb ides  a n d  t h e r e f o r e  n o t  grossly d i s s i m i l a r  
U C 2  p r o b a b l y  b e h a v e s  i n  a somewhat s imilar  f a s h i o n ,  
Thus t h e  mole f r a c t i o n s  of U C 2  m o l e c u l e s  
s u b s t a n c e s ,  and  s i n c e  it i s  assumed t h a t  d - 3 1 ,  w e  may 
e x p e c t  t h a t  t h e  f u e l  m i x t u r e  i s  a r e a s o n a b l y  good a p p r o x i m a t i o n  
t o  a n  idea l  s o l u t i o n .  By H e n r y ' s  l a w ,  
L 
V 
2 and  Pvuc are t h e  v a p o r  p r e s s u r e s  of t h e  UC 
uc2  2 
where pv 
s o l u t e  i n  t h e  f u e l  and  of p u r e  UC2, r e s p e c t i v e l y .  
by K a o u l t ' s  l a w ,  
S i m i l a r l y ,  
0 - 
Z r  1 PV 
= d  
Z r  d+ 1 P V  ( 2 9 1 )  
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The mole f r a c t i o n  of e a c h  s p e c i e  i n  t h e  r o c k e t  
e x h a u s t  i s  t h e r e f o r e  
0 
uc2 
P V  
X I . -  = 1  
0 
P V  = d  
J - 2d+l pi C 
X 
( 2 9 3 )  
(294) 
( 2 9 5 )  
where  pi i s  t h e  chamber  p r e s s u r e ,  i . e . ,  t h e  p r e s s u r e  i n  t h e  
c e n t r a l  g a s  c a v i t y  of e a c h  f u e l  e l e m e n t .  
L e t  $,, Ruc2, i? Z r  and  lfc be  t h e  mass f l o w  r a t e s  
of h y d r o q e n ,  UC2, Zr and C, r e s p e c t i v e l y ,  f o r  a l l  t h e  f u e l  
e l e m e n t s .  The sum of t h e s e  i s  t h e  t o t a l  mass flow r a t e ,  
h .  
-
A s  a f i r s t  a p p r o x i m a t i o n ,  l e t  u s  assume t h a t  
A = mH (296) 
and  
where  m, i s  t h e  mean m o l e c u l a r  mass of a n  e q u i l i b r i u m  
c o m p o s i t i o n  of h y d r o g e n  j u s t  p r i o r  t o  e x p a n s i o n  t h r o u g h  
t h e  n o z z l e ,  a n d  i s  t h e  w e i g h t e d  a v e r a g e  of t h e  m o l e c u l a r  
masses of e a c h  s p e c i e .  
Z r  a n d  C a r e ,  r e s p e c t i v e l y ,  
Then t h e  molar f low r a t e s  of UC2, 
%c2 ( 2 9 8 )  U C 2  X 
Z r  X 
xc 
Z r  ri ( 2 9 9 )  
( 3 0 0 )  
The c o r r e s p o n d i n g  mass flow r a t e s  are t h e r e f o r e  
( 3 0 2  1 
( 3 0 3 )  . . 
O f  c o u r s e ,  t h e  mass f low r a t e  of u r a n i u m  i s  
'The w e i g h t e d  a v e r a g e  of t h e  m o l e c u l a r  masses i s  
+ "CC 
u c 2  + * ~ r  mZr ( 3 0 5 )  9.. H + %c2 m 11 i! 
I? 
w h e r e  
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The c o m p u t a t i o n a l  p r o c e d u r e  i s  as f o l l o w s :  
I d e a l  ( i . e . ,  f o r  a n  u n c o n t a m i n a t e d  e q u i l i b r i u m  c o m p o s i t i o n  
of p u r e  h y d r o g e n )  v a l u e s  f o r  t h e  vacuum s p e c i f i c  i m p u l s e  
a n d  m o l e c u l a r  w e i g h t  % (before  e x p a n s i o n )  are o b t a i n e d  
from R e f e r e n c e  4 ,  Assuming a f i x e d  t h r u s t ,  F,  w e  t h e n  
f i n d  
fi = F  
I' 
S? 
(307) 
Iq fi and  I! are t h e n  f o u n d  f rom E q s .  (301)-(303) uC,' Z r '  c m 
L 
a n d  (306). The l a t t e r  v a l u e s  are s u b s t i t u t e d  i n t o  Eq.  ( 3 0 5 )  
t o  q i v e  m. The "corrected" s p e c i f i c  i m p u l s e  i s  t h e n  
e 
g i v e n  by 
I' SP =J$ I SP . (308) 
The n e x t  s t e p  i s  t o  c a l c u l a t e  t h e  c o r r e c t e d  hydroqen  
mass f l o w  r a t e ,  &, which i s  n e c e s s a r y  i n  o r d e r  t h a t  F be 
h e l d  c o n s t a n t :  
I 
The s e c o n d  a p p r o x i m a t i o n s  t o  flue , kZr 2nd fl,, d e s i q n a t e d  
2 
w i t h  primes, a re :  0 
= f l  pv UC2 W J C  2
i m ]  --'"2 d + l  pi (310) 
. 
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Then 
and  
rn' 
F i n a l l y ,  we w r i t e  
T h i s  p r o c e s s  i s  r e p e a t e d  u n t i l  
( 3 1 5 )  , 
(316) 
where  i s  some p r e s e l e c t e d  maximum e r r o r ,  s a y  1 sec .  
These c a l c u l a t i o n s  were p e r f o r m e d  on a d i z i t a l  
c o m n u t e r ,  and  r e s u l t s  a r e  p l o t t e d  on v a r i o u s  c o o r d i n a t e s  
i n  F i g u r e s  14 t n r o u g h  18. 'The sarnple  d e s i g n  p o i n t  
( P c  = 10 a t m ,  d = 5 0 0  Z r C / U C 2 )  i s  shown as a small c i r c l e  
on e a c h  f i g u r e .  
V .  DISCUSSION OF KZSULTS 
F i g u r e s  1 3  t h r o u g h  1 7  i n d i c a t e  t h a t  a l t h o u e h  
t h e  maximum a t t a i n a b l e  s p e c i f i c  i m p u l s e  of t h e  l i q u i d - c o r e  
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n u c l e a r  r o c k e t  a p p e a r s  t o  b e  lower t h a n  p r e l i m i n a r y  
estimates i n d i c a t e d ,  p e r f o r m a n c e  l e v e l s  are s u f f i c i e n t l y  
h i g h  t h a t  f u r t h e r ,  more d e t a i l e d  s t u d i e s  are  w a r r a n t e d .  
I n  p a r t i c u l a r ,  t h e  p r e s e n t  a n a l y s i s  d e m o n s t r a t e s  t h e o r e t i c a l  
f e a s i b i l i t y ,  s u b j e c t ,  o f  c o u r s e ,  t o  f u r t h e r  e v a l u a t i o n  
of the v a l i d i t y  of t h e  a s s u m p t i o n s  o n w h i c h  t h e  a n a l y s i s  
i s  based.  
The most s i q n i f i c a n t  f e a t u r e s  of t h e  p e r f o r m a n c e  
r e s u l t s  ( F i g u r e s  1 3 - 1 7 )  are t h e  r a t h e r  l o w  p r e s s u r e s  and  
t e m p e r a t u r e s  r e q u i r e d  t o  maximize s p e c i f i c  i m p u l s e .  Note 
t h a t  t h e  " f e e d b a c k "  of t h e s e  o p t i m i z a t i o n s ,  i n  p a r t i c u l a r  
t h a t  of t h e  t e m p e r a t u r e  , h a s  n o t  y e t  been  i n c o r p o r a t e d  
i n t o  t h e  c r i t i c a l i t y  estimate. S i n c e t h e  Maxwell-Boltzmann 
f 
a v e r a g e d  cross s e c t i o n  i n c r e a s e s  a t  lower t e m p e r a t u r e s  
t h i s  w i l l  h a v e  a small b u t  f i n i t e  e f f e c t  i n  r e d u c i n g  
r e a c t o r  mass, or, a l t e r n a t i v e l y ,  p e r m i t t i n g  a n  i n c r e a s e  i n  
t h e  d i l u t i o n  r a t i o  ( Z r C / U C 2 )  t o  r e d u c e  t h e  f r a c t i o n a l  l o s s  
of u r a n i u m  c a r b i d e ,  and  t h e r e b v  a c h i e v e  some improvement  i n  
s p e c i f i c  i m p u l s e  ( s i n c e  Z r C  has a much lower v a n o r  p r e s s u r e  
t h e n  UC,) . 
A n o t h e r  s o u r c e  f o r  p o s s i b l e  p e r f o r m a n c e  improvement  
may r e s u l t  f rom s u b s t i t u t i o n  of UC f o r  UC, ,  s i n c e  t h e r e  
i s  some i n d i c a t i o n  t h a t  t h e  v a p o r  p r e s s u r e  of t h e  
m o n o c a r b i d e  may be  lower t h a n  t h a t  of t h e  d i c a r b i . d e .  
.r. ,. 
S e e  f o o t n o t e  on  p.  5 .  
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U n f o r t u n a t e l y ,  u n c l a s s i f i e d  v a p o r  p r e s s u r e  d a t a  on UC 
are e v e n  more s c a n t  t h a n  r e s u l t s  f o r  UC2, and  t h e r e f o r e  
no q u a n t i t a t i v e  b a s i s  for a n a l y s i s  of a m o n o c a r b i d e -  
f u e l e d  s y s t e m  c o u l d  be  e s t a b l i s h e d .  
A t h i r d  s i g n i f i c a n t  area f o r  improvement  
i s  t h e  s u b s t i t u t i o n  o f  U-233 f o r  U-235 as  t h e  f i s s i o n a b l e  
mater ia l .  T h i s  was n o t  c o n s i d e r e d  i n i t i a l l y  b e c a u s e  i t  was 
b e l i e v e d  t h a t  s y s t e m  f e a s i b i l i t y  must  f i r s t  be d e m o n s t r a t e d  
w i t h  L-235, w i t h  U-233 r e p r e s e n t i n g  a D o s s i b l e  q r o w t h  
p o t e n t i . a l .  N u c l e o n i c  c a l c u l a t i o n s  u s i n g  U-233 a t  t h e  
2 r o p e r  t e m p e r a t u r e  l e v e l  a r e  now i n  process,  and are  
exDect<.d t o  p r o d u c e  b e n e f i t s  of t h e  Same t y p e  a s  t h o s e  
r e s u l t i n g  from t h e  u s e  of lower core tenDera tures ,  
A f i n a l  D O S S i b i l i t y  for imDrovement nay be 
t h e  p a r t i a l  r e p l a c e m e n t  ai L;-235 (or U-233) bv a n u c l e o n i c a l l y -  
e q u i v a l e n t  ( i . e . , l a r g e r )  amount of t h o r i u m  - 232 ,  whose 
c a r b i d e  h a s  a vaDor D r e s S u r e  a b o u t  2 0  t imes l o w e r  t h a n  t h a t  
of UC2. U n f o r t u n a t e l v ,  :h-232 u n d e r q o e s  o n l y  f a s t  f i s s i o n  
a n d  s i n c e  t h e  larpe anolirit of  c a r b o n  i n  t h e  core i s  q u i t e  
effective as  a moderator,  i t  i s  c o n c e i v a b l e  t h a t  only 
small  improvemen t ,  i f  an-7, may be r e a l i z e d .  
I n  t h e  cfrea of o n e r a t i o n a l  c h a r a c t e r i s t i c s ,  a 
c o n c l u s i o n  of rna io r  i n D o r t a n c e ,  as a n a l v z e d  i n  S e c t i o n  I V  
a n d  shown i n  F i E u r e  1 2 ,  i s  thc l t  h e a t  t r a n s f e r  does not 
l i m i t  e i t h e r  t h r u s t  l e v e l  or Der fo rmance .  T h i s  c o n c l u s i o n  
1 
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m u s t , o f  c o u r s e ,  be e v a l u a t e d  by h i g h - g r a v i t y  e x p e r i m e n t a l  
s t u d i e s  which  are now i n  t h e  p r o c e s s  of b e i n q  f o r m u l a t e d .  
A n o t h e r  p o t e n t i a l l y - l i m i t i n q  f ac to r  i s  t h e  f u e l - e l e m e n t  
r o t a t i o n a l  s p e e d  r e q u i r e d  t o  p r o d u c e  b u b b l e  v e l o c i t i e s  
s u f f i c i e n t l y  h i g h  t o  p r o v i d e  a d e q u a t e  mass f low r a t e .  
F o r  t h e  s e l e c t e d  e n g i n e  t h r u s t / w e i g h t  r a t i o s ,  s p e e d s  were 
q u i t e  r e a s o n a b l e ;  i . e . ,  of t h e  o r d e r  of 5 , 0 0 0  rpm ( s e e  
F i g u r e  1 2 ) .  S i n c e  t h e  o v e r a l l  p r e s s u r e  d r o n  was a l s o  
q u i t e  moderate, and  t h e  eeneral  core c o n f i g u r a t i o n  a t  
l e a s t  a p p r o x i m a t e s  t h a t  of more c o n v e n t i o n a l  r e a c t o r s ,  
t h e r e  do n o t  a p p e a r  t o  be  any  m a j o r  i n h e r e n t  i n f e a s i b i l i t i e s  
i n  t h e  p r o p o s e d  c o n c e p t ,  S u b s e q u e n t  s t u d i e s  of h e a t  
t r a n s f e r  a n d  b u b b l e  f l o w  cha rac t e r i s t i c s  a t  h i g h  g r a v i t i e s ,  
" f r e e z i n e - i n "  of q:as p a s s a g e s  on shu tdown ,  s i p ; n i f  i c a n t  
m a t e r i a l  v a p o r - p r e s s u r e  b e h a v i o r ,  a n d  m u l t i - g r o u p  a n a l y s e s  
of b o t h  c r i t i c a l i t y  a n d  n u c l e o n i c  dynamics  a r e  p l a n n e d  t o  
e v a l u a t e  t h e  v a r i o u s  a s s u m p t i o n s  and  a p p r o x i m a t i o n s  made 
i n  t h i s  p r e l i m i n a r y  s t u d y .  
- 7 1  - 
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TABLE I 
PROPERTIES OF FUEL MATERIALS 
Holecular w e i g h t ,  
(c3.m.u.) 
D e n s i t y  
3 (gm/cm 1 
M e l t i n g  P o i n t  
( d e g  K )  
B o i l i n g  P o i n t ,  
( d e g  K )  
ZrC -
103.23 
6.8 
3 7 7 0  
5 3 7 0  
uc2 - 
2 5 9 . 0 9  
11.14 
2 5 3 0  
4 3 7 0  
-73 - i 
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PRELIMINARY RESULTS OF CRITICALITY ANALYSIS 
d f 
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.?. 2 
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V A  500 
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VU 500 
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VIE 1000 
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e 2  -998 2.056 
e 3  -998 2 . 056 
. 4  .998 2.056 
.5 .998 2.050 
e 1  .996 2.050 
e 2  .996 2.050 
- 3  -996 2.050 
.4 .996 2.050 
.5 -996 2.050 
.1 .982 2.023 
e 2  -982 2.023 
. 3  .982 2.023 
-4 .982 2.023 
. 5  .982 2.023 
.1 .965 1.990 
e 2  -965 1.990 
.3 ,965 1.990 
e 4  -965 1.990 
.5 .965 1.990 
.1 .E46 1.743 
.2 .E46 1.743 
e 3  .846 1.743 
.4  .846 1.743 
e 5  . 846 1.743 
.1 e733 1.510 
e 2  .733 1.510 
e 3  .733 1.510 
e 4  .733 1.510 
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1400 
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972 
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547 
714 
972 
1400 
10.18 
12 . 88 
16.83 
22.9 
33.0 
20.35 
25.8 
33.65 
45.8 
65.9 
91.5 
115.9 
151.3 
206.0 
296.5 
178.2 
225.5 
294.5 
424.5 
577.5 
275. 
348 . 
455. 
620. 
892. 
1360. 
1720. 
2245. 
3060. 
4400. 
~- ~ 
442.18 
559.88 
730.83 
994.9 
1433.0 
452 . 35 
572.80 
747 . 65 
1017.8 
1465.9 
523.5 
662.9 
865.3 
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1396.5 
1977.5 
707. 
895. 
1169. 
1592. 
2292. 
1792. 
2267. 
2959. 
4032. 
5800. 
2.390 
1.885 1 
1.445 
1.062 
0.737 ~ 
2.325 1 
1.835 1 
1.405 032 I 
0.717 1 
1.955 1 
1.543 
1.183 ~ 
0.868 I 
0.603 1 
1.623 
1.282 ~ 
0.982 
0 . 710 ~ 
0.501 I 
1.053 1 
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0.2845 1 
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